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Foreword
This thesis is divided into two parts. I have tried to 
present a summary of the detail in the second part that led to the 
conclusions in the last chapters of the first.
Strains in the fabric simulations are usually high because 
the characteristics of a particular fabric pattern are usually not 
properly discerned at low strains. However sufficient fabrics that 
result from lower strains have been included to make comparison 
possible.
Pole figures are presented on the lower hemisphere of an 
equal area projection and 400 or 500 grains are examined.
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SUMMARY
This thesis is concerned with the development of patterns of 
preferred crystallographic orientation amongst the grains of a 
plastically deformed monomineralic polycrystalline mass. It attempts 
to document the implications of the Taylor-Bishop-Hill analysis for 
fabric development in quartzite masses.
Dislocation glide is a fundamental mechanism allowing plastic 
behaviour. Some elementary concepts of continuum mechanics show that 
crystallographic axes of individual grains tend to rotate with respect 
to specimen axes during deformation. These rotations are a powerful 
mechanism for the development of preferred crystallographic 
orientation.
The historical development of models for this process is examined 
and two trends discerned. The Taylor-Bishop-Hill analysis is 
formulated in detail as it offers a convenient base for an algorithm 
to simulate the development of preferred orientation during the 
complex deformational histories that might be expected to occur in the 
geological environment.
Programs are described briefly. The problem has inherent 
numerical instability overcome by use of a linear programming package 
based on the Cholesky factorization rather than the older Simplex 
procedures.
Three types of data are essential to the operation of the 
program:
(1) the dislocation glide systems that operate. Fabric 
simulations document the geometric consequences 
of this initial choice,
(2) critical resolved shear stress values for yield on 
this set of mechanisms. These values determine the 
characteristics of the vertices of the yield surface 
and because of the optimization conditions of the 
analysis, the mechanisms and combinations of 
mechanisms that can operate. The vertices define the 
yield surface configuration which thus determines the 
primary characteristics of a pattern of preferred 
orientation that develops as the result of a 
particular imposed deformation. The yield values may 
reflect overall deformation conditions
(3) an approximation to the imposed deformation in the
form of a sequence of incremental deformations.
The imposed deformation path exerts a profound influence on the 
fabric that can develop and four yield surface configurations are 
examined to characterize the effect of different paths under different 
deformational conditions.
Crossed-girdle and tailed-maximum c-axis fabrics occur most 
commonly in naturally deformed quartzites. A multistage deformational 
history has been postulated for their origin that involves a 
deformational history with a change in deformation conditions towards 
the end of the deformation. As a result basal slip deactivates and 
prism systems begin to operate. At the same time the deformation path 
changes direction. These circumstances could result if the latter 
part of a geological deformation involves a comparatively slow movement. 
Because these fabrics occur in most major thrust zones any such 
postulated deformational history has important implications.
In a joint study with Price (1974) a quartz-feldspar tectonite 
from the Darling Fault, Cookernup, West Australia is described.
Different quartzite tailed-maximum c-axis fabrics are associated with 
recrystallized regions. Different deformation paths were imposed on 
these regions and computer simulations replicate the naturally 
occurring fabrics if it is postulated that the last stage of deformation 
involved a comparatively slow, homogeneous simple shear.
Fabric transitions in plastically deformed quartzites are 
highly complex, but a small number of basic yield surface configurations 
have been recognized for a postulated set of deformation mechanisms. 
Selected cross-sections of configuration space have been prepared, 
illustrating the major controls on quartz fabric type and transitions.
Experimental and observational results are explained if 
prismatic slip becomes easier, and the relative difficulty of 
(-)rhombohedral slip in comparison with (+)rhombohedral slip decreases 
in a sequence of deformations of a quartzite mass in which any of the 
following variations occur:
(1) temperature increases
(2) strain rate decreases
(3) OH content increases.
For a uniform flattening such a sequence of deformations results in the 
following fabrics:
(1) c-axis maximum at Z
(2) 25° girdle of c-axes about Z
(3) 35° girdle of c-axes about Z
(4) o 0 - 50° diffuse girdle of c-axes about Z
(5)
oo00 - 90° girdle of c-axes about Z.
In the last chapter some of the assumptions made by the Taylor- 
Bishop-Hill analysis are discussed and it is concluded that the 
analysis can be accepted as a valid approximation to the physical 
situation in a deforming polycrystalline mass.
The Taylor-Bishop-Hill analysis can simulate accurately most 
naturally and experimentally produced fabrics. Dislocation glide must 
be assessed as playing a fundamental role in producing preferred
orientation in quartzite bodies.
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11.1 SCOPE OF THESIS
Fabric refers to the spatial configuration of the material 
elements in a body and is a term well used in day to day living. This 
thesis concerns the development of fabrics in monomineralic polycrystall­
ine masses of rock forming minerals or metals, plastically deformed 
under various conditions and according to different deformation paths.
The fabrics discussed are defined by patterns of preferred orientation 
amongst the crystalline grains of the monomineralic mass, and by 
foliations and lineations defined by the shape of these grains. Develop­
ment of preferred orientation in plastically deformed quartzite masses is 
considered in detail.
1.2 SCOPE OF INTRODUCTORY CHAPTER
This chapter serves as an introduction to the purpose and 
philosophy embedded in the thesis. The overall interest in petrofabric 
analysis is discussed, and reasons for the detailed study made of the 
development of preferred orientation in quartzite masses. Finally the 
approach taken by the thesis is specified.
1. 3 PETROFABRIC ANALYSIS IN CONTEXT
Interest in the origin of fabric has engaged metallurgical and 
structural geological research for well over half a century, and the 
degree of sophistication used to measure and to interpret fabrics is 
increasing at a rapid rate. However, only with the advent of modern 
methods of electronic data processing has it been possible to realize 
the implications of some old ideas, and this thesis is the result of
such a process.
2Metallurgical interest in fabrics stems primarily from the 
necessity to describe the material anisotropy produced by such processes 
as wire drawing, extrusion, cold or hot rolling, cross rolling and the 
like. Fundamental modifications can be made to material properties by 
the development of fabric. Imagine the consequences of elliptical 
bottle tops, or of the "ears" on cup-shaped pieces of metal made by deep 
drawing, for example.
There is a persistent repetition of closely similar patterns of 
preferred orientation in specific materials deformed under comparable 
conditions. Cold rolling of face centred cubic metals results in a 
pattern of preferred orientation^ described as a copper-type or brass- 
type pattern (Figure 1.1) although transitional patterns can be formed. 
Fabric transitions between the two pattern types have been shown to 
depend on the temperature of the deformation of copper (Hu and Goodman, 
1963), the zinc content of brass (Merlini and Beck, 1955) or the strain 
rate of the deformation (Leffers, 1968). The recognition of similar 
effects in rocks would be of value in structural geological interpretation.
So far few geologically occurring patterns of preferred orienta­
tion have been correlated with the strain undergone by the rock mass, 
or with deformation conditions. Nevertheless characteristic pattern 
types have been recognized for various rock forming minerals such as 
quartz (e.g. Sahama, 1936; Hietanen, 1938; Fairbairn, 1949; Turner and 
Weiss, 1963), calcite (e.g. Turner and Weiss, 1963; Wenk et al.3 1973), 
rock salt (e.g. Schwerdtner, 1968) and many others such as sulphides.
These patterns recur from similar geological environments in the global 
pattern of tectonic belts.
^Preferred crystallographic orientation is considered to be a fabric 
element in the geological literature but is referred to as texture by 
metallurgists. Geologists define texture by relations between, and 
descriptions of, individual material elements.
3FIGURE 1.1
Fabric transitions between patterns of the copper and brass type 
developed by cold rolling.
a) of copper as a function of deformation temperature (from Hu et at. , 
1966, p.335 after Hu and Goodman, 1963).
(Ill) pole figures are shown.
(b) -140  C(a) -  8 0  C (c) - I 9 6 0
b) of brass as a function of zinc content (from Hu et dl. 
p.333 after Merlini and Beck, 1955).
(Ill) pole figures are shown.
1966
(a) 3%  Zn (b) 6 %  Zn
Strain axes
(c) 10% Zn
4Experimental work (e.g. Tullis, 1970; Tullis et at. , 1973) 
demonstrates similar phenomena.
It would appear that deformation fabrics may hold important clues 
to the geological history of a particular rock mass or ore. Some 
indication might be made about the deformation conditions and the 
mechanisms that operated to allow plastic behaviour. Characteristics 
of the deformation path may be discernible. In a large quartzite mass, 
for example, the absence of markers can leave petrofabric and micro- 
structural observations as the only pointers to the geological history. 
Information can be stored about:
(1) temperature and strain rate of the deformation,
(2) nature of the total deformation, and the orientation 
and magnitude of the principal strain axes, and
(3) the nature of the deformation incrementing the total 
strain at all points in time throughout the deformation, 
i.e. the deformation path.
There remain many problems before the level of sophistication that can 
be used in the interpretation of petrofabric data can be increased to 
the point where such analysis yields a practical return of information. 
It is clear however that detailed petrofabric analysis in conjunction 
with microtextural observation can be extremely useful.
1 .4  APPROACH ADOPTED TO THE PROBLEM
In Chapter 2 it is argued that dislocation glide is probably the 
most important process that leads to the development of a pattern of 
preferred orientation. Dislocation glide is certainly a fundamental 
mechanism allowing plastic deformation of crystalline material.
Several models exist in the metallurgical literature for 
describing the development of preferred orientation during plastic
deformation by dislocation glide, and they can be used for
5Simulation studies. The Taylor (1938a,b)-Bishop-Hill (1951, 1953,
1954) analysis is that with the most consistent physical basis, and is 
adopted for this study although it suffers criticism for certain 
assumptions.
The thesis embodies three approaches:
(1) theoretical examination of the Taylor-Bishop-Hill analysis 
in detail,
(2) the use of a Fortran IV computer program based on the 
Taylor-Bishop-Hill analysis to simulate the development 
of preferred crystallographic orientation in quartzite 
masses deformed under various conditions, according to 
various deformation paths, and
(3) a critical discussion of the Taylor-Bishop-Hill analysis, 
extension of the analysis to more realistically 
approximate the physical situation in a deforming 
polycrystalline mass, and suggestions for further research.
Accurate simulations of naturally occurring fabrics tend to confirm the
suspected importance of dislocation glide in producing patterns of
preferred crystallographic orientation.
Materials are chosen for study depending on the availability of:
(1) reasonably accurate data concerning which deformation 
mechanisms operate,
(2) accurate measurements of naturally or experimentally 
produced deformation fabrics, and
(3) detailed information concerning deformation conditions 
and deformation path associated with the development of 
particular fabrics.
Many reasons can be found for detailed study of the theory of 
quartzite preferred orientation. Quartz is a sensitive indicator of 
deformation and occurs commonly in most geological environments. Some 
information is available concerning deformation mechanisms. The results 
of experimental work (e.g. Carter et at. y 1964; Green et at., 1970; 
Tullis, 1970) allow determination of the strain rate, total strain and 
thermal history to which a particular rock has been subjected during
fabric development.
cAs well as experimentally produced fabrics, a large number of 
naturally produced fabrics are documented. This allows comparison with 
their simulated counterparts. Theoretical predictions of fabric develop­
ment can be linked with deformation conditions and variation of fabric 
with imposed deformation path can also be examined. From the point of 
view of bridging the gap between theoretical, field and experimental 
observations, quartz is an excellent material for examination.
Unfortunately all but a small portion of the available field data 
is unsuitable for comparative purposes with simulated fabrics. In most 
cases it is difficult to determine the total strain and impossible to 
comment on the strain path by which the deformation was achieved. This 
is not a comment on the investigator, merely on the problem. Also it 
cannot be assumed that given foliations and lineations reflect the 
positions of the axes of the finite strain ellipsoid. There is great 
difficulty then in determining the strain history that produced a 
certain fabric.^
Simulation studies allow examination of the effects of the 
deformational history and characteristics of the total strain on fabric 
development. These factors are not easily determined for natural 
deformations, and for the present at least, experiments are confined to 
simple situations. Because this is so simulation studies are the only 
readily available means for examining the effects of these variables on 
the development of patterns of preferred crystallographic orientation.
The use of the Taylor-Bishop-Hill analysis to simulate fabrics has led 
metallurgical research (e.g. Kallend and Davies, 1972) to accurate
^This applies more to field studies but is still relevant to experiments. 
Green et at. s 1970 report a fabric described as a crossed girdle of 
c-axes, developed during axial deformations in which an anisotropic 
temperature gradient existed. Temperature would not remain constant 
with respect to material coordinates, anisotropic specimen strength 
would develop and other factors ensure a non-constant deformation path.
7reproduction of fabrics developed in rolled sheets of face centred cubic 
metals. If this can be done for rocks, fabrics may provide valuable 
clues as to the history of strain that occurred in rock mass. Symmetry 
arguments already allow useful deductions in this regard (e.g. Weiss, 
1954; Paterson and Weiss, 1963). If the Taylor-Bishop-Hill analysis 
can be argued as relevant to the geological situation and capable of 
simulating the effect of plastic deformation by dislocation glide on 
the development of patterns of preferred crystallographic orientation, 
then it can be used to demonstrate the influence of deformational history 
on fabric development in plastically deformed quartzite1 masses.
Carbonates are less important but as with quartz a knowledge of 
deformation mechanism (in this case quite accurately documented, 
Paterson and Turner, 1970) and some precisely determined fabrics 
(e.g. Wenk et al., 1973) make this also a useful material for 
theoretical examination.
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2.1 INTRODUCTION
Before describing the Taylor-Bishop-Hill analysis in detail and 
using it to simulate the development of fabric, a digression will be made 
to consider more generally the processes that affect fabric. The 
remainder of the dissertation concerns the effect of dislocation glide on 
fabric. Many other processes can result in the development of preferred 
orientation during the plastic deformation and recrystallization of a 
metamorphic tectonite.
The effect of plastic deformation by dislocation glide is studied 
in detail because:
(1) it is believed to be an important mechanism leading to the 
development of preferred orientation,
(2) limitations of space and time prevent discussion of all 
possible variables, and
(3) if the total variation in fabric resulting from one 
mechanism is understood then the effects of other 
processes can better be examined.
The thesis topic is well suited to simulation studies that might
accomplish this aim.
The following pages are concerned with the first part of this 
answer and the chapter is limited to:
(1) the effect of various plastic deformation and 
recrystallization processes on the development of fabric,
(2) a description of the processes in which dislocation glide 
is important. The results of the simulation studies 
apply to these processes, and
(3) an argument that the development of preferred orientation 
in assemblages of highly anisotropic minerals is a 
separate problem which must be excluded from this thesis.
The fundamental concern of this chapter is a conceptual analysis
of the means whereby a pattern of preferred crystallographic orientation
can develop amongst the grains of a monomineralic mass.
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2.2 GEOMETRICAL APPROACH ADOPTED TOWARD 
FABRIC DEVELOPMENT
A geometric approach is adopted toward the problem by defining a 
volume-orientation distribution in a space'*' allowing representation of an 
orientation as a point. To each orientation point is attached the 
percentage volume of material with that crystallographic orientation.
The volume-orientation distribution appears as a density distribution in 
this space.
Each crystalline grain in the mass can be associated with a 
volume-orientation point. This approach allows a strictly empirical 
classification of processes that can result in preferred orientation:
(1) rotation of the crystallographic axes of grains or 
subgrains with respect to specimen axes,
(2) redistribution of the volumes of crystalline material 
amongst the existing grain orientation points, and
(3) introduction of new grain orientation points (with 
effectively zero volume) and repartitioning the volume 
distribution between the old and the new orientation 
points.
The inherently discontinuous property of the volume-orientation distribu­
tion can partly be removed by sampling many grains. It will also 
disappear if plastic deformation has resulted in lattice curvature.
The analysis of the effect of various plastic deformation and 
recrystallization processes can now proceed.
For example the orientation distribution figures uses the three 
Eulerian angles (Terpstra and Codd, 1961) - see Baker, 1970a,b: Baker
and Wenk, 1972: Baker et aZ. } 1969: Bunge, 1965a,b, 1968: Jeffer
et al.y 1956: Roe, 1965).
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2.3 THE EFFECT OF CONSERVATIVE DISLOCATION 
MIGRATION ON FABRIC
In 1934, G.I. Taylor, E. Orowan and M. Polyani postulated the 
existence of a crystal imperfection that allowed plastic deformation of 
a crystalline material.^ This occurred for stress levels two or three 
orders of magnitude below that required to exceed theoretical strength 
calculated on the basis of perfect crystallinity. Dislocations were 
first imaged in the early 1950's and since that time a large and rapidly 
increasing body of observational data has accrued. With the development 
of sophisticated thinning techniques such as Argon ion bombardment 
(Barber, 1970: Gillespie et dl.} 1971) it has been possible to observe 
dislocations readily in naturally and experimentally deformed geological 
materials. There is now considerable evidence that dislocation migration 
is a fundamental cause of plastic behaviour in rocks.
This aspect is argued no further in this thesis. It will now be 
demonstrated that dislocation glide has a powerful effect on fabric 
development.
A path around the core of the dislocation line that would lead to
closure in a perfect crystal has a closure failure termed the Burgers
vector. The passage of a dislocation line across a lattice results in
relative displacement of the crystalline material on either side of the
2glide plane. This movement has the direction and magnitude of the 
Burgers vector. One portion of the crystallographic structure 
effectively slips over the other.
1General texts include Friedel, 1953: Hayden et al., 1965: Hirthc and 
Lothe, 1968: Kuhlmann-Wilsdorf, 1970: Nabarro, 1967.
Sense is not implied.2
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The emergence of dislocations at free surfaces during deformation 
may result in the formation of optically visible steps known as slip 
lines (Figure 2.1). This is the external manifestation of the 'mode' of 
deformation termed intracrystalline slip. Dislocation multiplication 
sources tend to generate many dislocations gliding in the same plane.
This plane contains the dislocation line and the Burgers vector.
Many dislocations with parallel Burgers vectors gliding on 
parallel planes cause a deformation that can be approximated by a 
continuous simple shear. The scale considered must be greater than the 
spacing between individual glide planes (Figure 2.2). The glide plane 
is the plane of shear and the Burgers vector is the direction of shear. 
The combination defines a dislocation glide system or slip system.
Slip on a well defined primary glide plane is only one of many 
modes by which deformation of a crystalline material can be accomplished. 
For example the deformation could involve dislocation screw segments 
cross-slipping out of the primary glide plane. This is important during 
pencil glide where although the slip direction is well defined the glide 
plane is not. Prismatic punching is a special case of pencil glide with 
polygonal loops migrating not in their own plane but normal to it. The 
loops comprise edge segments with parallel Burgers vectors. Coupled 
activity of loop segments as they migrate results in relative displace­
ment of a prismatic portion of the crystalline grain parallel to its 
length. Another mode of deformation takes place when dislocation 
networks migrate. Dislocations may form polygonal arrays at high angles 
to the glide plane involved, for example at kink boundaries. This wall 
may migrate through the crystal although some non-conservative activity 
may be necessary. Dislocation glide may be the dominant mechanism 
operating to allow deformations that produce dislocation substructures 
with widely differing characteristics.
15
FIGURE 2.1
Illustrates intracrystalline slip. Dislocation multiplication 
sources tend to generate many dislocations gliding in the same plane.
D(l) (a) A dislocation loop is pinned at points P and Q
where the dislocation line has left the primary glide 
plane. Under the influence of shear stress the pinned 
segment bows (b) and expands (c). Finally the segment 
coalesces into a loop, and the pinned segment is free 
to continue the sequence (d). The loop expands while 
another loop is generated. This is the Frank-Read 
dislocation multiplication source.
D(2) The Frank-Read source leads to many dislocations
gliding in the same plane. The transmission electron 
microscope (TEM) imaged a possible Frank-Read source 
in a galena grain in a polycrystalline mass of this 
ore from Mount Isa, North Queensland. Specimen thinned 
by Ar ion bombardment, observed in 200 kV TEM, photograph 
(magnification 81000) courtesy of Dr J. Boland, Earth 
Sciences, ANU, 1972.
d(3) Dislocations emerging at a free surface result in
atomic steps termed slip lines. These may be resolvable 
using SEM or optical microscopy. A cross section of the 
atomic steps is shown and the glide planes depicted.
D(4) A single crystal of galena from Broken Hill was
experimentally deformed under 3 kb confining pressure,
300°C, at a strain rate of 2 x 10 4 sec 1 to 10% 
shortening. Slip line traces on a pre-existing cleavage 
face result from glide oil the dislocation systems 
{lOO} <011> and {llo} <110>. Run 2398.
F I G U R E  2 . 1
The  Frank -R ead  
D is lo c a t io n  
M u l t ip l i c a t io n  
M echan ism
D ( 2 )  J E M
G A L E N A
D ( 4 )  O p t ica l
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FIGURE 2.2
Simple shear as the result of dislocation glide or mechanical 
twinning and a consequent lattice rotation.
A
Coarse slip and resultant 
shape change. Note no 
change in crystallographic 
orientation.
m
i l l ip l i
Fine slip and resultant 
shape change.
Slip lines that may form 
cross-slip.
crystallographic
jiiiiiiijailiii
Crystal before a deformation
is imposed that has zero 
vorticity. Material strain 
axes are shown.
Mechanical twinning and 
result shape change.
11 rotatiated crystallo- 
ic axes
A deformation is imposed that 
is a pure shear (outline box). 
The crystal approximates this 
with a simple shear (shaded - 
note discrepancy) but the 
crystallographic axes of 
necessity rotate as shown.
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The shape changes caused by such deformation modes are not as 
clearly approximated by simple shears or combinations of simple shears 
as they are for slip or the primary glide plane. Nevertheless the 
approximation still holds as long as the scale considered is larger than 
the spacing between individual glide planes.
Mechanical twinning can also cause shape changes approximated by 
simple shears (Figure 2.2). This is an important mechanism allowing 
deformation of brass (Heye and Wasserman, 1966: Kallend and Davies, 1972) 
or calcite (Paterson and Turner, 1970).
Dislocation glide results in deformation of the crystalline grain. 
However the crystallographic structure is not distorted overall by this 
shape change, except for local inhomogeneities and lattice curvature 
about the crystal imperfections themselves. This invariance occurs by 
virtue of the mechanism by which dislocations migrate. The crystal axes 
can thus be used as an internal reference system during deformation.
Now dislocation glide results in deformations that can be 
approximated by combinations of simple shears. Thus, except for 
deformation under symmetrical circumstances, the crystalline material 
develops a vorticity"'" with respect to crystallographic axes.
The vorticity of the imposed deformation with respect to external 
coordinates need not be the same as the vorticity of the material with 
respect to crystallographic coordinates. In general they are different 
and crystallographic axes rotate at a compensating rate with respect to 
external coordinates. Lattice rotations of this type are a powerful 
mechanism allowing the development of preferred crystallographic 
orientation. They are the subject matter of Chapter 3.
"'"Vorticity is related to the curl of the velocity field in the deforming 
continuum. If infinitesimal paddle wheels were dispersed through the 
continuum their rotation would reflect the vorticity at each point.
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2.4 DYNAMICAL RECRYSTALLIZATION, POLYGONAL DISLOCATION 
SUBSTRUCTURES AND FABRIC DEVELOPMENT
During deformation or recrystallization a crystalline grain may be 
transformed into a mass of subgrains separated by low angle grain 
boundaries. This could result from the distribution and nature of 
dislocation multiplication mechanisms. On the other hand it could result 
from recovery processes.
If a deformed or deforming grain is subject to a sufficiently high 
temperature certain thermally activated processes lead to a recognizable 
reduction of the structural disorder produced or being produced by the 
deformation process. These are termed recovery processes (c.g. Cahn, 
1965; Li, 1966) and may include:
(1) annihilation of vacancies and removal of interstitial 
atoms,
(2) mutual annihilation of dislocations, and
(3) arrangement of dislocation tangles into ordered polygonal 
arrays, these dislocation walls minimizing elastic 
potential energy.
The last process takes place via the movement of dislocations by 
glide, cross-slip of screw components and climb of edge components.
Climb is a thermally activated process involving diffusion of point 
defects from source to sink, atoms being added or removed at the edge- 
dislocation half-plane.
Two types of recovery process can be envisaged:
(1) static or annealing recovery, and
(2) dynamic recovery during the deformation as dislocations 
continually migrate from the deforming subgrains and
are incorporated into the network of subgrain boundaries.
The actual subgrain boundary may migrate also. The 
orientation difference across subgrain boundaries will 
continually increase as more and more dislocations are 
incorporated into the subgrain walls, or as a result of 
low angle grain boundary migration and coalescence of 
subgrain boundaries.
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During annealing recovery no overall deformation results and only 
minor changes are made to fabric patterns. During dynamic recovery a 
substantial amount of conservative dislocation activity may take place 
to allow deformation. A strong pattern of preferred orientation may 
result and this may be little different from that produced in a deforma­
tion of the same material but under slightly different conditions so 
that dynamic recovery did not take place.
The polygonization process sensu stricto does not involve a major 
reorganization of the volume-orientation distribution. It serves to make 
the population more discrete. The preferred orientation that may 
develop during a dynamic recovery process is considered to relate 
primarily to the conservative dislocation activity, i.e. the deformation 
as a result of dislocation glide.
Thus fabric development during a syntectonic recrystallization of 
the above type might be simulated by considering the effect of disloca­
tion glide.
2.5 GRAIN GROWTH PROCESSES AND THEIR EFFECT 
ON FABRIC DEVELOPMENT
Recovery processes in a deformed or deforming crystalline 
material might not take place at a rate sufficient to prevent the 
initiation of recrystallization.'*’ Migrating grain boundaries more 
effectively reduce the disorder resulting from deformation, thereby 
releasing stored elastic potential energy. Under different circumstances 
recrystallization might take place to reduce the grain boundary free 
energy, although this involves much smaller driving forces.
Recrystallization and its effect on fabric is discussed by Aust and 
Rutter, 1963: Beck, 1953: Beck and Hu, 1966: Cahn, 1965, 1966, 1969: 
Dillamore and Roberts, 1964: Gordon and Vandermeer, 1966: Walter, 1969.
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Three recrystallization processes can be distinguished for their 
effects on fabric:
(1) introduction of a population of new grains with 
effectively zero volume,
(2) growth of the new grains, and
(3) migration of the existing grain boundaries.
Introduction of new grain orientation points into the volume - 
orientation distribution can occur through two processes at least (e.g. 
Cahn, 1965, 1966: Hu, 1969: Li, 1961):
(a) a discontinuous nucleation event from submicroscopic 
regions of the old grain matrix
(b) dynamic polvgonization that results in subgrains in 
deformation bands or at grain boundary edges that 
progressively increase their misorientation with the 
host until discerned as 'distinct' grains.
Growth of new grains is a cannabalistic process during which the volume
distribution is repartitioned between the populations of old and new
grain orientation points. Preferred orientation can develop or marked
changes can occur in existing patterns as a result of these primary
recrystallization processes.
Consider the effect of the host grain on these primary
recrystallization processes. The population of 'new grains' may be
introduced with preferred special orientations relative to the host
grain. Alternatively in the first stages of growth at grain boundary
edges or in deformation bands certain new-grain host-grain relative
orientations might persistently survive to attain greater size by
continued growth. Both of these processes can result in sharp and
marked modification to an existing pattern of preferred crystallographic
orientation. However if no prior preferred orientation existed then no
pattern of preferred orientation can develop by these processes. A weak
preferred orientation cannot be accentuated.
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Oriented nucleation will not be unexpected if the 'nucleation'
process relates to the dislocation substructure. This is not unlikely
because sites of 'nucleation' are commonly regions of high dislocation
density (e.g. see processes described by Cahn, 1966 and Hu, 1969). The
process has not been conclusively demonstrated for cubic metals (see
Li, 1966) where high symmetry tends to obscure all but an extremely
specific relationship. In rock forming silicates greater anisotropy in
structure suggests that oriented nucleation may be important.
However no clear evidence exists. Hobbs (1968) deformed and
recrystallized quartz single crystals. He obtained recrystallization if
greater than about lOOO ppm of OH was present and found that:
"New grains appear to develop from subgrains in which 
c has developed a different orientation from that of the 
host crystal. Nucleation from submicroscopic regions 
does not occur."
"Subgrains that form in deformation bands at low strains 
increase their relative misorientations as the strain 
increases until an array of diversely oriented grains 
with sharp grain boundaries develop."
Some evidence of non-random nucleation in annealing recrystalliza­
tion experiments exists. Hobbs writes that quartz crystals:
"Loaded at low^ temperatures where basal slip predominates, 
contain a predominance of new grains with c close to Gi 
whereas those loaded at high temperatures, where prismatic 
slip predominates, contain a preponderance of new grains 
with c approximately normal to Gi.
Growth selection processes are important if the new grains form 
along a grain boundary edge or in a deformation band. The growing grains 
must compete for driving energy arising out of the consumption of the 
available deformed matrix. The energy is of course the elastic potential 
energy of disorder. Slower growing grains are cut off by faster growing 
grains and the effect of differing rates of grain boundary migration is
Relative to the temperature of hydrolytic weakening (Griggs, 1967).
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sharply accentuated. Growth selection processes are much less important 
if each new grain is grown in isolation in the host matrix.
Growth selection processes are carefully documented for their 
part in the formation of certain metallurgical recrystallization fabrics 
(e.g. Aust, 1969: Aust and Rutter, 1963: Gleiter, 1969, 1971: Vandermeer 
and Gordon, 1959: Gordon and Vandermeer, 1966). In deformed aluminium 
single crystals that have been annealed not only is a greater rate of 
growth documented for specific new-grain, host-grain relative orientations, 
but a marked growth shape anisotropy as well (Kohara et at., 1958). The 
mobile boundary that is recognized seems to fit, or to be slightly 
deviant from, a model termed the coincidence grain boundary.
Because the structure of each crystal can be argued to persist 
relatively unchanged right up to the actual grain boundary, two phenomena 
will occur in grain boundaries:
(1) regular repetition of certain electronic and atomic 
configurations, and
(2) regular occurrences of atoms that can be regarded as 
belonging to both of the adjacent structures. Bond 
angle requirements are met and the spatial locations 
of the atoms are appropriate to both of the adjacent 
structures. These locations are termed coincidence 
sites. Should the density of atoms exceed a value 
chosen as significant then the boundary is described 
as a coincidence site grain boundary.
Now in a superimposition of two patterns a pattern exists defined 
by motif-motif relationships. For certain relative orientations this 
pattern assumes a significantly higher density of lattice points in 
comparison with the norm. These special angular relations are termed 
Kronberg-Wilson relations (Kronberg and Wilson, 1949). It is argued that 
the coincidence structure in a superimposition relates to that in a 
grain boundary. Suffice to say that a model of a grain boundary can be
constructed so that it contains a 'significantly' higher proportion of
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coincident to non-coincident groups if the two adjacent crystal structures 
have an angular relationship that differs little from a KRONBERG-WILSON 
relation. Boundary coincidence can always be maintained (subject to the 
condition that one coincidence occurs) and related to coincidence in 
superimpositions as long as certain mismatches are tolerated as close 
enough for coincidence. Varying tolerances accommodate differing lattice 
distortions.
Weins et dl. (1970, 1971) made computer calculations of the
structure and energy'*' of high-angle grain boundaries and conclude that:
"The physical criterion for the special properties of 
coincidence boundaries is not coincidence per se: 
it is the geometrical condition for small periodically 
repeating units of the boundary structure."
Note that:
"The calculation is based on the assumption that the 
energy of an aggregate of atoms is the sum of the 
pair wise interactions of all pairs of atoms."
and that this calculation neglects atomic size and is not valid for
covalently bonded structures in which atom-atom interactions have
inherently directional properties.
The stable boundary atom configurations may relate to certain
types of coordination of atomic groupings (e.g. see Weins et at. , 1971
or review article Gleiter, 1971). A computer program has been developed
by the author to calculate K-W relations for various rock forming
minerals, but since it was not fully tested it is not included in the
thesis.
We turn now to the third process by which recrystallization can 
effect fabric development, i.e. the migration of existing grain 
boundaries. As the boundary migrates, crystalline material undergoes a 
large orientation change. The orientation-volume distribution is
'’Also see Fletcher, 1967.
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repartitioned over the existing grain orientation points and a sub­
stantial modification to a pattern of preferred orientation can result.
A volume-swapping algorithm among the grain orientation points can 
simulate the process. If some pattern exists in this, perhaps because 
of statistical properties of the orientation distribution with respect 
to grain neighbour relations of a minority of the population, then a 
major change in the preferred orientation might result. This could 
explain the cube texture in metals (e.g. Walter, 1969), the accentuation 
of a deformation fabric noted in quartz by Green et at. (1970) exagger­
ated grain growth, and other secondary recrystallization phenomena. 
Recrystallization could take place:
(1) during the whole of the deformational epoch,
(2) as a discontinuous event from time to time during 
deformation as strain produces disorder not removed 
at a sufficient rate by recovery processes, and
(3) subsequent to the deformation as the result of a 
thermal pulse for example.
If recrystallization occurs during deformation, i.e. it is 
syntectonic, then recrystallized regions will be immediately affected 
by the plastic deformation processes. This effect will be made 
evident by textural and fabric changes. Flattened 'new' grains might 
occur in higher strain rate regions where the rate of grain boundary 
migration offered insufficient competition. Polygonal 'new' grains 
might occur in other regions where this was not so. If recrystalliza­
tion obliterated a pre-existing fabric, continued plastic deformation 
will begin the development of a new pattern immediately.
In all this discussion no consideration has been given to the 
particular problems of recrystallization during deformation. In 
addition the effect of mass transfer by diffusive processes has not been
examined. The development of preferred orientation during syntectonic
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recrystallization may relate to an admixture of the variables already 
considered, as well as to the effect of entirely different processes.
Take these processes in order. The effects of dislocation glide 
during dynamic polygonization has been discussed. If primary 
recrystallization processes take place during deformation it is possible 
that both
(1) the introduction of a new grain population, and
(2) the growth of new grains
will show orientation dependence related indirectly to specimen axes.
This could result through either the imposed non-hydrostatic stress, or 
the deformation taking place in the monominera]ic mass. Some suggestions 
for these processes exists in the experimental work of Hobbs (1968) but 
information on the topic allows little in the way of detailed assessment 
at this time.
Diffusion processes leading to mass transfer may be important 
during recrystallization although recrystallization need involve no mass 
transfer. Two processes could be important during dynamical recrystalli­
zation:
(1) Nabarro-Herring diffusion involving a net flow of 
point defects in a stress controlled pattern.
Random defect migration leads only to recovery 
without deformation, and
(2) grain boundary diffusion. It is argued that this 
process takes place with greater ease, (e.g.
Ashby and Verrall, 1973) compared with through grain diffusion. 
Thermodynamic criteria can be used to predict the effect of these 
processes on fabric development (see review Paterson, 1973). However 
a syntectonic recrystallization involving
(1) dislocation glide with dynamic recovery and 
polygonization,
(2) grain growth, and
(3) diffusive mass transfer
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will describe a thermodynamic system of some complexity, and is not 
easily analysed in this fashion.
2.6 GRAIN SLIDING AND FABRIC DEVELOPMENT
Ashby and Verrall (1973) describe:
"A deformation mechanism for polycrystalline matter which 
has not previously been modelled in detail. It is based 
on grain boundary sliding with diffusional accommodation, 
and is important when temperature are high enough to 
permit diffusion, and when strains are large ..."
Such processes might be important in 'characteristically' low strain
rate geological deformations.
Grain switch neighbours and do not suffer the same shape change 
as the specimen. Deformation may result in grain elongation or 
flattening, and then neighbour switching with diffusional accommodation 
allowing almost indefinite deformation, hence the term superplasticity. 
The superplastic mechanism was first proposed by Rachinger (1956).
During a neighbour seitching event grain trajectories are locally 
perpendicular although the requirements of the total deformation may 
require them to be in general parallel. During neighbour switching 
events ample opportunity exists for bodily rotation of an asymmetric 
grain shape into conformity with the developing void shape. The latter 
term is one of convenience for it is only the tendency of the void to 
form that motivates the neighbour switching event.
A grain shape asymmetry may be related to crystallography for 
many reasons. Growth shape anisotropy during recrystallization or 
primary crystallization will produce such a result. Plastic deformation 
prior to the commencement of grain sliding could also lead to a relation. 
On the other hand the mineral may have high anisotropy (e.g. micas) so 
that there is little or no tendency toward an equant grain shape.
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If grain shape asymmetry is related to crystallography then grain 
sliding could be an important mechanism for development of preferred 
orientation.
There is no evidence of superplastic behaviour in rocks, but little 
serious work has attempted to assess its relevance to the geological 
situation. Mass transfer processes along grain boundaries might be 
important during a slow geological deformation. Fluids are believed to 
be present during most such deformations and the OH radical plays an 
important role in breaking Si-O-Si bonds allowing plastic deformation of 
quartz (Griggs and Blacic, 1965: Hobbs et at., 1972: Griggs, 1974). 
Availability of OH radicals may be the factor controlling deformation of 
other silicate minerals. It is envisaged that diffusional mass transfer 
will be also facilitated by the presence of these radicals. Diffusion 
may take place via bulk diffusion through the grains, but more readily 
along the
"high conductivity paths that the grain boundaries provide"
Ashby and Verrall (1973)
The rate of deformation in the model developed by these authors is
almost always boundary diffusion controlled.
Grain sliding will also be made possible by high pore pressure. 
This greatly enhances the ability of grains to force themselves apart, 
reducing the necessity for shape accommodation to take place via the 
action of diffusive mass transfer processes. This shape accommodation 
could also be greatly facilitated by the presence of an additional 
highly mobile phase.
^Powell (1972) after Maxwell (1962) propagates a school of thought that 
relates slaty cleavage to tectonic dewatering. The mechanisms proposed 
are difficult to accept. However the notion that some pelites may be 
fluidized during a tectonic event if pore pressure is sufficiently high 
is not argued with. The authors point to clastic dykes as evidence of 
this process. Tectonic dewatering may initiate movement of fluid 
through a deforming mass.
29
The processes discussed above might be important during the 
deformation of an assemblage of a highly anisotropic mineral such as 
mica, or chlorite. Other processes might also occur that have not been 
discussed here. It is probable that the problems involved in dealing 
with assemblages of highly anisotropic minerals are of sufficiently 
different nature to warrant separate investigation. This thesis does 
not want to consider explicitly the development of slaty cleavages and 
schistosities,nor can it deal with the effects of grain sliding. These 
processes are therefore excluded from further discussion.
2.7 DISCUSSION
There are obvious difficulties associated with geological fabric 
studies. Metallurgists and geologists have long been aware that plastic 
deformation and recrystallization processes lead to the development of 
patterns of preferred orientation amongst the crystalline grains of a 
monomineralic mass. However metallurgists can examine the problem in 
context. The deformation can be stopped at any point and the development 
of fabric noted. The material can be subjected to thermal pulses at 
will and changes in preferred orientation documented. In the study of a 
geological body however it is somewhat of an achievement to describe a 
clearly delineated sequence of progressively deformed rocks, and their 
associated fabrics (e.g. yar Khan, 1973). Even so no assurance can be 
given that the sequence of total shape changes recorded in these rocks 
describes the locus of the progressive deformation to which the most 
deformed rock has been subjected. It would be unusual if such a 
circumstance should arise because such a locus describes the enveloping 
surface to a number of individual deformation paths (see Figure 6.13).
30
There is however, no uncertainty that recrystallization and 
plastic deformation do affect fabric development in rocks. Experimental 
studies document the effect of plastic deformation of quartzite under 
different overall conditions (Tullis, 1970: Tullis et at., 1973).
Numerous field studies correlate increasing fabric intensity with 
increasing strain (e.g. Hara, 1970: Hara and Paulitsch, 1971: Hara cl at-., 
1973: Marjoribanks, 1974: Sylvester and Christie, 1968: yar Khan, 1973) 
and some with the type of strain (Hara, 1970: Weiss, 1954). Experimental 
recrystallization of quartzite has demonstrated that grain growth 
processes can sharply accentuate a fabric produced by plastic deformation 
(Green, 1967, 1968: Green et at., 1970). Field examples can be found in 
which recrystallization may have obliterated a pre-existing fabric 
(e.g. Wilson, 1970, 1973).
However the role of recrystallization in the development of 
geological fabrics is not clear and will have to await elucidation by 
further field and experimental studies. It is possible that 
recrystallization may play a role merely modifying pre-existing or co­
developing deformation fabrics. It is important to understand the 
variation that results but it is fundamentally important to understand 
the underlying or primary variation in fabric that results from the 
deformation processes.
CONCLUSION
Dislocation glide can lead to a strong pattern of preferred 
orientation developing if it is the dominant mechanism allowing plastic 
deformation. Dislocation substructures with widely differing 
characteristics can be produced as a result of operation of this 
mechanism. For example dynamical polygonization might take place by
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predominantly conservative dislocation activity. However, polygoniza- 
tion processes sensu stricto are considered to have minor effects on 
fabric.
Grain growth processes can result in development of preferred 
orientation, or substantial modifications to a pre-existing fabric 
pattern. Oriented 'nucleation' and growth selection processes that 
depend on the relative orientation of the new grain to the host grain 
determine an important result. An older deformational fabric can be 
substantially modified by such processes but a weak preferred 
orientation cannot be strengthened. On the other hand dynamical 
recrystallization can lead to the development of fabric if for example 
the stress regime controls nucleation and growth processes.
Grain sliding can lead to strong preferred orientation. 
Deformation takes place by grain-neighbour switching with diffusional 
accommodation or grains force themselves apart. Bodily rotation of 
the grain during grain sliding can lead to a strong preferred 
orientation if a grain shape asymmetry is related to crystallography. 
These processes are not, however, amenable to examination in this 
thesis.
Because the variation in fabric as a result of plastic 
deformation is believed to be important, and because it may underlie 
variation in fabric caused by recrystallization, this thesis now 
restricts its scope to the effect of plastic deformation by 
dislocation glide on the development of preferred crystallographic
orientation.
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3.1 INTRODUCTION
3.1.1 Scope
The Taylor-Bishop-Hill analysis allows the simulation of the 
development of preferred orientation in a monomineralic mass 
plastically deforming by mechanisms of dislocation glide. In this 
chapter the analysis is considered in detail.
3.1.2 Rigid-Plastic Behaviour
The materials considered are assumed to behave in a fashion 
adequately approximated by a rigid-plastic rheology (this point is 
discussed further in Chapter 11). Such a material behaves rigidly in 
a regime of increasing non-hydrostatic stress until at a certain 
critical value a sharp yield point is observed. From that point the 
material behaves in a perfectly plastic fashion and no further increase 
in stress is possible. The material is now capable of any strain at 
any strain rate without further change in the stress state. Any 
attempt to increase the stress is thwarted by immediate strain produc­
ing relaxation of the intended stress excess.
In stress space a yield surface bounds all of those stress 
states for which the material behaves rigidly. For stress states on 
this surface the material is perfectly plastic and stress states out­
side the surface are impossible. The yield surface is convex and 
defines a tube parallel to the axis of hydrostatic stress (e.g.
Drucker, 1949, 1951; Prager, 1959).
The rigid-plastic model can be used to approximate a real 
deformation in an empirical fashion. The deformation is considered 
strain increment by strain increment and the position and shape of
the yield surface is adjusted between each increment.
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3.1.3 The Schmid Law and the Single Crystal Yield Surface
The operation of dislocation glide systems is assumed to conform 
with the rigid-plastic behaviour already mentioned. Thus the Schmid 
law (1924) states that a dislocation glide system will not operate 
unless a critical resolved shear stress on the glide plane in the 
direction of the Burgers vector is exceeded.
The yield surface is still convex but is defined by intersect­
ing planar surfaces in stress space, each surface being defined by a 
yield constraint on a dislocation glide system. The yield surface is 
piecewise continuous and vertices are defined in it by the inter­
section of two or more yield surface hyperplanes. Stress space is 
6-dimensional so that any six linearly independent six hyperplanes 
intersect in a point. Yield surfaces are still parallel to the axis 
of hydrostatic stress so the highest rank vertices that will be found 
are defined by the intersection of at least five hyperplanes. Some 
vertices may be overspecified because of symmetrical relations 
between glide systems.
3.2 HISTORICAL 
3.2.1 Early Experimentation
Consider the historical development of models for the develop­
ment of preferred orientation during plastic deformation of a 
monomineralic mass.
In 1923 Taylor and Elam gave impetus to the quantitative study 
of fabric development by publishing data on Al crystals deformed in
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extension by {lll}<110> glide. They showed that the specimen axis 
tended to rotate toward that <110> direction acting as the slip 
direction. Single slip was followed by duplex slip and the crystal 
rotated into a symmetrical end position with respect to these glide 
systems. Taylor and Farren (1926) and Taylor (1927) demonstrated 
similar behaviour for compression except that the specimen axis tended 
to rotate towards the pole of the active glide plane. These and 
related observations have been the basis of theories attempting to 
explain the patterns of preferred orientation developed in metals 
deformed by flattening, rolling or extension.
Glide systems are defined by the combination of glide plane and 
Burgers vector. The notation is ambiguous except in special cases. 
If the elements of the point group symmetry are S_. the symbol
{n}<l>
may be taken to represent all slip systems
<Skn) [S .1]
for which a normality condition
is satisfied, where j, k range independently over the point group 
elements 1, 2, ... m. If this convention is accepted then certain 
slip systems will appear to be symmetrically equivalent when they are 
not. For example:
(1) in FCC metals (111) [211] is not symmetrically equivalent 
to (111) [211], and
(2) in quartz (trigonal 32) although the vectors [c+a2 ] and 
[c+aa] are symmetrically equivalent, no symmetry 
operation will relate the systems (2111)[c+a2 ] and
(2111) [c+a3] .
The symbol {n}<l> should be written so that (n)-[1] = 0 and taken to 
mean the symmetry equivalent set of the system (n)[1], i.e.
(S.n)[S.l]
where j = 1, 2, ... m.
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3.2.2 Development of the Calnan and Clews Concept
Examine one grain during deformation of a monomineralic mass.
Wever and Schmid (1929, 1930) considered that glide takes place on 
that system on which there exists the maximum resolved shear stress. 
This model is a homogeneous stress model because stress states are 
completely specified. The result is that the stress state can lie 
anywhere on the yield surface (which is specified with respect to 
crystallographic axes) and is not constrained as in other models to 
lie at vertices where two or more glide systems are simultaneously 
activated (as will be shown later to be the case in the Taylor-Bishop- 
Hill model). However, boundary displacements as the result of 
deformation are completely unconstrained and the model thus results in 
a high degree of heterogeneity in the strain distribution. Because 
from grain to grain the deformation is heterogeneous, grains may force 
themselves apart, resulting in cavities at grain boundaries. If 
cavities are not to form, a high degree of local heterogeneous 
deformation within the grains must occur in the region of the grain 
boundary, or diffusional accommodation must take place.
Wever and Schmid recognize rotationally stable end positions. 
Rotation of the crystalline grain as the result of deformation brings 
the deformation axis into the plane of symmetry between two glide 
systems, at which point the second system commences activity. 
Symmetrical slip allows"*" rotational stability.
Boas and Schmid (1931) objected to these assumptions and instead 
assumed that the three most highly stressed systems were activated.
The explicit statement of this model can be interpreted in terms of
"*This result is not generally true for double slip.
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homogeneous stress and as not consistent with the concept of the yield 
surface. However this is not necessary. The model need not imply 
that symmetrically equivalent systems yield with different resolved 
shear stress values. A concept is introduced involving the 
'homogeneous’ applied stress on the mass as a whole, and the effective 
stress in each grain. The above difficulty is then removed in the 
following fashion. The effective stress in each grain must activate 
three glide systems simultaneously, so it must lie at a vertex on the 
yield surface determined by at least three hyperplanes. The vertex 
that defines the effective stress state will be such that the effective 
stress is as little different as possible from the applied stress.
This vertex is specified by the three glide systems on which would 
exist the highest resolved shear stress values if this applied stress 
was, in fact, the effective stress in the grain. Thus the explicit 
statement of the model can be interpreted so that it is not at 
variance with the concept of the yield surface.
The Boas and Schmid model can be taken to imply a different 
effective stress state grain to grain and is thus an inhomogeneous 
stress model. A heterogeneous strain distribution grain to grain will 
result but this inhomogeneity will be much less than for the Wever and 
Schmid model. End positions are again determined by rotationally 
stable end positions in which symmetrical slip takes place.
The Boas and Schmid model is important as the forerunner to a 
particular type of model typified by that of Calnan and Clews (1950,
1951) in which some of the above concepts are stated explicitly.
1 2 Pickus and Mathewson (1938, 1939) extended the Boas and Schmid
^Unfortunately these authors misinterpreted the von Mises (1928) 
criterion.
See also Boas and Ogilvie, 1954.2
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concept by considering fabric development during plane strain. The 
resolved shear stress criterion can determine which mechanisms will be 
activated but the amount of activity on the mechanism is determined by 
the imposed strain. Thus these authors found that the chosen applied 
stress could activate a mechanism with a slip direction transverse to 
the extensional axis of the deformation. An empirical relation was 
proposed to determine the mechanism activity to overcome the problem. 
This sets the activity on the mechanism in the above case as zero.
The approach of Pickus and Mathewson is significant because it 
contains the realization that limiting conditions on stress states and 
on boundary displacements of the deforming grain need simultaneous 
specification. A number of authors (e.g. Hibbard and Yen, 1948) 
pursued this approach further.
The Calnan and Clews model (1950, 1951) invokes the concept of 
an effective stress in the grain differing from the overall applied 
stress because of grain boundary effects. The deformation is consid­
ered to take place in a stepwise fashion and in any increment of 
strain the applied stress increases until the grain deforms. The 
effective stress in the grain starts off as the applied stress but 
this situation remains only until the critical yield stress on one of 
the glide mechanisms is attained. Calnan and Clews then consider that 
the axes of the effective stress rotate away from those of the applied 
stress and that the rotation occurs so that the resolved shear stress 
on this system is reduced at a maximum rate. Let us consider that 
this occurs because a little deformation of the neighbouring grain 
takes place with the result that the stress field is warped, i.e. 
curvature is introduced into the trajectories of the principal axes
of stress. Rotation of the axes of the effective stress state
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continues as the applied stress continues to increase and as the grain 
continues to resist deformation. This results in more and more slip 
systems being activated until there are a sufficient number of slip 
systems activated to allow the grain to deform compatibly with the 
existing stress states, and lateral constraints on boundary 
displacement. The effective stress state thus returns to the applied 
stress state and a lattice rotation takes place. Depending on the 
ability of the grain to overcome its lateral constraints, a significant 
amount of single and multiple slip is considered to take place.
This again is an inhomogeneous stress model and deformation 
takes place with a heterogeneous distribution of strain from grain to 
grain. The Calnan and Clews model will be reconsidered while examin­
ing some extensions to the Taylor-Bishop-Hill analysis in Chapter 11.
3.2.3 Development of the Taylor-Bishop-Hill Concept
If deformation is to take place without cavities opening at 
grain boundaries and grains forcing themselves apart, then the 
deformation of each grain will be influenced strongly by the behaviour 
of its neighbours. One way of ensuring that grains remain in contact 
at all times during deformation is to require that all points in the 
body are subject to the same strain.
Taylor (1938a,b) set out a model for plastic deformation of a 
polycrystalline metallic mass in which three important points are taken 
into account:
(1) the state of stress in a grain is determined by the 
interaction of the grain with its neighbours, and 
is therefore difficult to specify,
(2) to avoid opening up of cavities and sliding at grain 
boundaries the mass is assumed to deform homogeneously, 
i.e. the strain is defined to be the same at all 
points throughout the material, and
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(3) a principle of least dissipation of energy is postulated.
In a system of stacked cards with many geometrically 
possible movement paths, the path involving least force 
is chosen.
Early critics of the Taylor model foresaw limited applicability 
because of excessive computation time required by the analysis. For 
example Barrett (1952) notes 1,712,304 choices of sets of slip systems 
for BCC iron. This same difficulty probably underlies the fact that 
although Taylor used an "equation solving machine" he failed to specify 
the total degeneracy in the choice of movement paths for the FCC metal 
he analysed even though the number of choices is much smaller in 
comparison. The computational problems have been removed by:
(1) the advent of modern methods of electronic data 
processing, and
(2) the use of modern techniques for the solution of 
linear programming problems.
The Taylor model now can be applied with ease to a complex crystallo­
graphic structure such as quartz with point group 32, and a chosen set 
of 102 glide mechanisms.
Bishop and Hill (1951a,b, 1953, 1954) also developed a model 
that can be used to determine the slip systems that will be activated 
by a particular imposed deformation. It can be shown that the Bishop- 
Hill analysis and the Taylor analysis examine the same problem and 
arrive at the same answer via different formulations.
By assuming equivalence of the plastic potential and the yield 
function^ Bishop and Hill (1951a) demonstrated that for a plastic 
continuum:
(1) maximum work is done by the actual stress state 
during the deformation, compared with virtual work 
that could be done by any other stress state on 
the yield surface, and
(2) the strain increment caused by a stress state on the 
yield surface was normal to the yield surface at 
that point.
'''Also see Hill, 1950.
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The authors go on to consider extremum principles for polycrystalline 
masses and single crystals.
For deformation of a single crystal with a set of mechanisms 
obeying critical resolved shear stress laws for yield, it follows that:
(3) minimum work is done by the activated mechanisms in 
accommodating the imposed deformation in comparison 
with the virtual work that would be done by any 
other combination of shears also capable of 
accommodating the imposed strain increment. This is 
a statement of the Taylor analysis.
It should be pointed out that stress states other than those 
which do maximum work cannot activate mechanisms capable of geometric­
ally accommodating the imposed strain increment although they are 
physically possible states. Combinations of shears capable of 
geometrically accommodating an imposed strain increment, apart from 
that combination which does minimum work, require stress states that 
lie beyond the yield surface and are thus physically not possible.
The analyses arrive at the same result via different computational paths.
The Taylor and Bishop-Hill analyses are self consistent and can 
be expressed as a pair of dual linear programming problems (Chin and 
Mammel, 1969).
As formulated the Taylor-Bishop-Hill model describes a 
homogeneous strain model. This solves the problem of grains forcing 
themselves apart during deformation by specifying the strain of any 
particular crystalline volume to be identical with that of any other 
crystalline volume. However, as a result, the stress states that 
control deformation can lie only at completely specified vertices of 
the yield surface and these vertices are finite in number. The stress 
field is constrained by the material properties of the particular 
crystalline grain and it varies discontinuously from grain to grain.
This situation conflicts with equilibrium requirements.
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Observations show that natural deformations do not achieve 
strict strain homogeneity, nor is there strong evidence that five slip 
systems in general operate as required by the Taylor-Bishop-Hill model. 
Other models allow strain inhomogeneity and reduce the amount of 
stress inhomogeneity required, and also as a result do not require 
simultaneous activation of five slip systems to achieve a general 
deformation increment. Homogeneous stress and homogeneous strain 
models form opposite poles of a spectrum of possibilities within which 
real situations will lie. The actual physical situation may effect a 
compromise between these two extreme situations, as will be discussed
m  Chapter 11. Briefly, two modes of polycrystalline deformation may 
be envisaged:
(1) nearly homogeneous strain, and
(2) deformation with a high degree of heterogeneous 
deformation in the region of the grain boundaries.
The requirement for homogeneous strain is usually held to be more
realistic than a requirement for homogeneous stress in the metallurgical
literature. The assumption of homogeneous stress is, in fact, not a
satisfactory method of fulfilling continuity requirements for principal
stress axis trajectories. Models that most closely approximate the
real situation are argued in Chapter 11 to be of the Calnan and Clews
type, i.e. homogeneous stress and inhomogeneous strain models. The
Calnan and Clews model is not suitable for simulation studies1
because it is not of a sufficiently quantitative nature but the Taylor-
Bishop-Hill model can be extended to deal with the inhomogeneous strain
model and in fact to become a quantitative 'Calnan and Clews' model.
Bhattacharyya and Pasayat (1968) 
incorrectly in their theoretical may have interpreted this model predictions utilizing it.
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The Taylor-Bishop-Hill analysis has been used to predict the develop­
ment of preferred crystallographic orientation in metals (e.g. Bishop 
and Hill, 1954)^ , and in rocks (e.g. Siemes, 1970). Simulation studies 
have been performed for plane strain of FCC metals (Kallend and Davies, 
1972) and accurate replication of copper type patterns ({lll}<110> slip) 
and brass type patterns ({lll}<110> slip and {lll}<112> mechanical 
twinning) have been obtained by these authors.
3.3 BASIC DEFORMATION THEORY
In the previous chapter it was argued that dislocation glide 
can result in rotation of the crystallographic axes of a grain with 
respect to the specimen axes. Some elementary concepts of continuum 
mechanics are now described in order that these lattice rotations be 
understood and the theory underlying their calculation by the Taylor- 
Bishop-Hill analysis is set out.
3.3.1 The Jacobian or Unit Relative Displacement Tensor
Consider a continuum described by vector field X (Figure 3.1). 
Deformation transforms X to x and is described by the transformation
* = f(X)
This function is continuous and single valued for a continuous deforma­
tion and can be expanded using a Taylor series as follows:
x + dx = f(X + dX)
= f(X) + dX f'(X) + ...
If a sufficiently small volume element around X is considered then the 
deformation differs negligibly from that described by a linear
^Also Chin et al. 3 1969.
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FIGURE 3.1
Coordinate reference systems. Deformation of a vector field X to a 
vector field x (after Malvern, 1969).
description using X as a 
label for the material 
particle at X
x describes coordinates 
in a spatial frame whose 
independent variables 
are present positions of 
x
spatial
finite
strain
ellipsoid
spatialmaterial
material finite
strain ellipsoid
Illustrating the fundamental rotation theorem (see Chapter 5) F = RU
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transformation. In tensorial notation the expression becomes
3x.
i 3x. jD
The tensor [3xV3x_J is the deformation gradient F which is discussed 
in Chapter 5.
Define the relative displacement vector u as
then
u = dx - dX 
3xi
dxi = [3FT] dXj
becomes ui = [35~ - {ij] dXj
where 6.. is the Kronecker delta. The tensor ID
3x. 3u.
[33T - V  ■ ^  - Ju D D
is the unit relative displacement tensor or the Jacobian matrix Ju
(after Malvern, 1969). It operates on any unit direction vector N to 
yield the unit relative displacement vector, i.e.
n = J N + N~ u~
2The deformation gradient F describes linear transformations 
of the field X onto the field x
x = FX
= (J +I)X u
^[a^j] denotes a 3 x 3 matrix, components a^j. As far as possible 
notation follows Malvern (1969) who in turn follows Truesdell and 
Noll (1965) following Noll (1958).
Matrices are denoted by capitals in this work so F is different to f 
in that it is a linear approximation.
2
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where I is the identity, and where
9u^ ^U1 ^U1
9x. 9xo 9x_1 2  3
Su3 3u3 3u3
3X1 3X2 aX3
3.3.2 The Infinitesimal Strain Tensor and the Rigid 
Body Rotation Tensor
Fo. infinitesimal deformations meaning can be given to the 
decomposition of the tensor into its symmetric and antisymmetric 
parts (after Malvern, 1969)
J = E + fi u
9u. 9u.
*
kj i
9u.
h (- -)
[£ij]
K i 1
The tensor [£ij]
eX hyxy ^Yxz
hyxy ey hyyz
^Yxz hyyz £z
is known as the infinitesimal strain tensor and has six independent
I is the identity matrix 1
0
0
0 0 
1 0 
0 1
components because it is symmetric. For volume constant deformation
£ + £ + £ = 0 x y z
The volume change is
(1 + 1 2  3r -) ( 1 + » - )  ( 1 + - 1
9u.
1 2 3 i 2 3
The result is true for infinitesimal deformations only. 
[o)._.] = £2 is known as the rigid body rotation tensor.
. . . =  0
The tensor 
It has the form
with three independent components. Consider a vector
u) = (u^, ü>2 , ü>3)
then the relative displacement of vector dx due to the transform £3 is
u = [u)_]dX = 0) X dx
As long as u is small |dx| and |dx + u| = |dx| differ negligibly 
and the transformation £2 defines a rigid body rotation with axis U) and 
and angle of rotation 0 where
0 = tan  ^ 1031
using the convention that the fingers of the right hand curl in a 
positive sense if the thumb points away from the origin in direction 0). 
The approximation
is also used.
M  =  t a n  |ü)|
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The tensor Q describes the curl of the relative displacement 
field. Thus
h ~2 h
curl u = V X u = d/dx1 3 / 3 x 2 3 / 8 x
U1 U2 U 3
= <-“23' +“l 3' -“l2)
= ((JJ1, 102' “3>
When considered with the time taken for the infinitesimal deformation 
increment the vorticity tensor is defined. This relates to the curl 
of the relative velocity field. Consider the following example 
(Figure 3.2). A simple shear is described as follows. The shear 
plane is (001) and the shear direction [OlO], and the amount of shear 
is A. The deformation gradient is
and the infinitesimal strain tensor and rigid body rotation tensors are
0
0
0
X/2
0 X / 2 0
F
IG
U
R
E
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The deformation is associated with a pure shape change or stretch E 
and a rigid body rotation The deformation can be accomplished by
stretches in three mutually perpendicular directions (the eigenvectors 
of the matrix [i+E]) and a rotation about axis go = (X/2,0,0) of 
magnitude | co| = X/2 radians. This is a valid approximation only for 
small X. Finite deformation must be considered otherwise as discussed 
in Chapter 5.
3.4 ROTATION OF THE CRYSTALLOGRAPHIC AXES DURING 
DISLOCATION GLIDE
Suppose that one dislocation glide system operated during the 
deformation of a crystalline grain. If this has glide plane normal 
(0,0,1) and Burgers vector (0,1,0), the deformation1 that results is
X = FC X
0
1
o
with respect to crystallographic coordinates.
 ^Subscript C denotes crystallographic coordinates.
Subscript X denotes reference frame coordinates.
Subscript L denotes rotation of the crystallographic coordinates with 
respect to the reference frame.
Components are specified with reference to an arbitrary external 
frame for all coordinate systems.
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Now as discussed (§2.3), because of the fashion in which 
dislocation glide takes place, the crystalline grain may undergo a 
shape change but the crystallographic structure is not macroscopically 
distorted in the same fashion. The crystallographic axes can thus be 
used as an internal reference system during deformation of the 
crystalline grain.
In the case under discussion, for each infinitesimal increment 
of deformation the crystalline material undergoes a pure shape change 
described by the tensor
" 1 0 0
[I + E] = C 0 1 A/2
_0 A/2 1
and a rigid body rotation with respect to crystallographic axes. This 
rotation is described by the tensor
However, consider that a deformation was imposed on the crystalline 
grain that could be described by the tensor
with respect to specimen axes.
J
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If crystallographic axes undergo a rotation with respect to 
speciment axes, i.e.
0 0
0 -A/2
A/2 0 _
then the dislocation glide system under examination has achieved the 
required deformation so that
This behaviour can be expressed simply by the equation
F = F + 9,X C L
where denotes a rotation of crystallographic axes with respect to
specimen axes. Since
it follows that
E = E X C
Q, + !TÜC L
i.e. the imposed deformation increment may result in a rotation of 
crystallographic axes with specimen axes because the rigid body 
rotation that took place during deformation with respect to 
crystallographic axes was different from the rigid body rotation Ü7X
imposed on the material with respect to specimen axes.
This phenomena whereby crystallographic axes rotate with respect 
to specimen axes during plastic deformation of a crystalline grain 
need not be explained in terms of infinitesimal deformation increments.
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An imposed deformation results in the crystalline material developing 
vorticity with respect to the crystallographic axes. This may not 
be the same as the imposed vorticity with respect to specimen axes, 
and therefore the crystallographic axes must rotate at a compensating 
rate with respect to specimen axes. Lattice rotations are illustrated 
in Figure 3.3.
If the imposed deformation has zero vorticity, i.e. it is 
irrotational, then for every deformation increment
ß =0X
and the lattice rotation is simply
This is the only case that has been considered to date in the 
metallurgical literature because metallurgists have no interest in 
complex deformational paths. The generalization allows extension of 
the Taylor-Bishop-Hill analysis to complex deformation paths, examples 
of which are considered in this thesis. This is a significant advance 
in simulation studies.
Note that in the example discussed, if the imposed deformation
was
then no lattice rotation would take place with respect to specimen axes. 
Two shape changes F^, F^ produce a shape change“*"
f 2f x = [I + J2][I + J±]
= 'I + J1 + J2 + J2J1]
^For convenience implies J for deformation 1.1 u
FIGURE
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3 . 3 Rotation of the crystallographic axes 
with respect to specimen axes as the 
result of dislocation migration
n = shear plane normal 
1 = shear direction
Rotation of the crystallographic axes during deformation
Rotation of the crystallographic axes during
(a) compression of a 
single crystal
(b) extension 
crystal
slip plane shown diagrammatically
of a single
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which can be approximated for infinitesimal changes as
F2F1 “ 1 + J1 + J2
Thus if a deformation F is imposed on a crystalline grain andX
k = 1, 2 ... n glide mechanisms operate to accommodate this deformation,
then because _ p + q
X C L
and
then
= nc + ßL
^ ^ ^ + ... +
1 2 n
These relations are fundamental to the Taylor-Bishop-Hill analysis.
A glide mechanism, glide plane normal n, Burgers vector 1 (slip 
direction) with respect to crystallographic coordinates, produces a 
deformation
dx = (n . X)yl + X
where Y is the mechanism activity. In terms of relative displacement
u = (n . X)yl
ui = nj1iYXj
so that
FC
-1where tan y/2 radians is the rotation of the principal axes of the 
incremental strain ellipsoid. The infinitesimal strain tensor and 
rigid body rotation tensor are
3u. 3u.
Ec = t>i<35i'+ ta1’1J 1
[ h (n .1 . + n .1 .)y]: l 1 3 '
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3u. 3u.
and = äi1’1
3 1
= [h (n . 1. - n . 1.) y]
3 i i D
Before the lattice rotation can be fully specified in each
Lj
crystalline grain given:
(1) the imposed deformation increment, and
(2) the set of deformation mechanisms k = 1, 2, ... n, 
it remains to specify
(1) which systems are activated during the deformation 
increment, and
(2) the activities y on these mechanisms.k
The Taylor-Bishop-Hill analysis, given, in addition to the above 
information, the set of critical resolved shear stresses for yield on 
this set of mechanisms, allows calculation of the activities on the 
mechanisms and thus the quantity The model can therefore be used
to simulate the development of a deformation fabric.
3.5 THE TAYLOR-BISHOP-HILL ANALYSIS
3.5.1 The Von Mises Condition
The way in which the combination of shears that result from 
dislocation glide is effected has been demonstrated. It can now be 
shown that five linearly independent slip mechanisms need be 
activated to accommodate a general imposed strain increment.
Each simple shear can be associated with an attendant plane 
strain and a rotation of the material. The von Mises (1928) condition 
can be stated'*':
^Translation courtesy of Dr M.S. Paterson
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"In principle, every deformation can be made up from 
five plane deformations whose axial pairs have no 
special relation to one another."
The von Mises condition is derived as follows in generalized form. 
Consider a vector space1 dimension n over the field of real numbers. 
Given a set of vectors
e1, e2, ... ek
that are elements of this space, then other elements can be generated 
by linear combinations
~ = ai-l + a2~2 + * ** + ak£k
If all elements of the vector space can be described as linear
combinations of the set of k vectors, then this set is said to span 
the space. If a linear dependence relation
a,£., + a^£^ + ... + a £, = 0  1~1 2~2 k~k
can be set out amongst the elements £ ,£ , ... £ if, and only if, all
X  Z A
of the a^ = 0 for j = 1,2, ... k, then the set is linearly independent. 
A linearly independent set of vectors that spans a vector space is 
termed a basis.
No more than n linearly independent vectors can be chosen from 
a vector space dimension n. If a set of n + r vectors is chosen at 
least r linear dependence relations can be set up between elements of 
the set. No less than n linearly independent vectors are capable of 
spanning the entire space.
9u^ 9u.
The infinitesimal strain tensor [£. .] = ] has fivel j d X . d X .D i
independent components because
'See for example Griffiths and Hilton, 1970; Ledermann, 1961.
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(l) e ij
(2) for volume constant strain + ^33 = 0
Define a vector space defined by vectors
whose components are the components of a general infinitesimal strain.
Volume constant strains define a volume constant subspace.
The operation of a slip mechanism k results in a simple shear 
associated with the strain tensor
where n is the shear plane normal, 1 the shear direction, and y/2 
derives from the equation
that describes the simple shear, as discussed (§3.3).
The mechanism strain vector associated with operation of this 
mechanism is Y^. An imposed strain is accommodated by the slip 
mechanisms k = 1,2, ... n, i.e.
infinitesimal strain can be described as a linear combination of five 
linearly independent mechanism strain vectors. If the imposed strain 
has a symmetrical relation to some of the slip systems then less than 
five vectors may span the imposed strain vector.
However, in general it follows that an imposed infinitesimal 
strain^ can be accommodated by not less than five linearly independent
This condition is referred to as the von Mises condition in the 
remainder of the text, although it might be more correctly termed 
the Taylor (1938) condition since he approximated shape change caused 
by intracrystalline slip as a combination of simple shears.
The principle is demonstrated for infinitesimal shape changes only.
h Y(n . 1. +n.l.)
3 1  1 3
u = (n . X)Y1
From the results already described it is clear that, any imposed
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slip mechanisms.
3.5.2 Feasible Slip Activity Vectors
It is convenient to represent the activity of slip systems 
k = 1,2, . . . n a s a  vector
t - < v v  ... v
This is termed the slip activity vector and the deformation that results 
from such activity is
Y £ + Y eTl~l '2 -2 + y en~n
Now if an imposed strain £ can be accommodated by the activity on the 
mechanisms k = 1,2 ... n as shown above, the slip activity vector
< W V
is a feasible solution to the problem of accommodating an imposed strain 
in terms of activity on the available mechanisms, i.e. of spanning the 
vector £ in terms of the set of mechanism strain vectors
(Sl'§; e )~n
The von Mises condition serves as an existence theorem because 
given five linearly independent £ then a feasible solution of the 
above problem can always be found. The problem that remains is 
selecting one of the possible feasible solutions as that which specifies 
the mechanism activity that actually takes place to accommodate the 
imposed deformation.
For a vector space dimension n, a basic feasible solution has 
no more than n activities non-zero. The slip activity vector is 
specified in terms of a basis set of £ if no more than five activities
.K
are non-zero. If more than one basis set can be chosen, then an
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infinite number of feasible slip activity vectors can be specified, 
but each of these solutions is a convex linear combination of the 
finite set of basic feasible solutions
*1'*2
i .e. a Y + a Y + 1-1 2-2 + a Y m~m
where a_^  > 0 for i = 1,2, ... m. There are as many basic feasible 
solutions as there are choices of basic sets. The problem that
remains is clearly then that of deciding which of the set of basic
feasible slip activity vectors are physically possible.
3.5.3 The Taylor Analysis
The set of feasible slip activity vectors results from possible 
activation of sets of mechanisms that are geometrically capable of 
accommodating the imposed strain increment. Each slip activity vector 
implies simultaneous activation of a particular combination of 
deformation mechanisms, and certain combinations can not be activated 
unless by a stress state that lies outside the yield surface. Thus 
out of the total set of geometrically possible feasible slip activity 
vectors only certain vectors can be regarded as physically possible.
The Taylor analysis allows specification of the set of 
physically possible basic feasible slip activity vectors. The 
feasible slip activity vector that actually will accommodate the 
imposed deformation increment is assumed to be such that it results 
in less work, or at least the same work, in comparison with the work 
that would be done by any other feasible slip activity vector.
The formulation of the model follows (Bishop and Hill, 1953,
is a useful reference).
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Glide mechanism k can not be activated unless a critical 
resolved shear stress T on the slip plane, in the slip direction,
K.
is attained. The amount of slip on this system is denoted y .
The minimum work principle^ is formulated as follows: 
n
minimize £
k=l
T Y k Tk Winternal
subject to the constraints that the imposed strain is accommodated by
the activities y on the glide mechanisms, i.e. that (yn,y_, ... , y ) K 1 2 n
is a feasible slip activity vector.
n
£ h (n .1. 
k-i 3 1
+ n.l.) Y l 3 k k eij
where y^ > 0 and where n is the glide plane normal, 1 the slip 
direction for mechanism k.
Solutions to the Taylor problem are termed optimal basic 
feasible slip activity vectors. Degeneracy may exist in the choice 
of optimal solutions, but they are the only feasible solutions to the 
Taylor analysis in which the necessary mechanisms can be activated by 
stress states on the yield surface.
3.5.4 The Bishop-Hill Analysis
The Bishop-Hill analysis considers the set of physically 
possible stress states on the yield surface. However only certain of 
the mechanism combinations activated by these stress states are 
capable of geometrically accommodating the imposed deformation incre­
ment. The Bishop-Hill (1953) analysis considers that the stress state 
that will accomplish the imposed deformation increment maximizes an 
external work function 
1 ~ nThe function 0 = £ x, y, = W. , describes the dissipation of, , k k internalk=l
energy during the deformation process.
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[a. .] [e. . ] = w13 external
subject to the conditions that the stress states considered lie on or 
within the yield surface, i.e.
[°ijl '^5(ni1j + nj1i) - rk
and that no other explicit constraints on stress are considered, i.e.
-00 < n  <0 0
- ij -
The material deforms by operation of several of a number of 
glide mechanisms available. A critical resolved shear stress law 
(Schmid, 1924) is assumed for yield on these mechanisms, and this 
critical stress must be attained before the system can yield. The 
critical value cannot be exceeded.
The resolved shear stress on a glide plane normal n in the slip 
direction 1 is given by the expression
T = [a±j]n . 1
or in tensorial notation
T = aijnj1i
The condition for yield is expressed
[aij] lnjhK = Tk
and the requirement that the stress tensor be symmetric leads to the 
expression
[ö. . ] [h (n . 1 . + n. 1.) ] = T ij 1 3  1 1 k  k
Because the critical resolved shear stress on any glide mechanism
cannot be exceeded, the set of constraints
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is defined.
[ö. .] [^(n.l . + n.l.)] < T
l j j 3. k - k
3.5.5 Geometrical Interpretation of the Bishop-Hill Analysis
The set of yield conditions on the available glide mechanisms 
in a crystalline grain defines an intersecting set of planes in stress 
space. Now the stress state [cj_^j] in the material must always be such 
that the critical resolved shear stress on any glide mechanism is 
never exceeded. The set of inequalities that result
taij][^(n^lj + nj1i)^k - Tk
define a set of constraints on allowable states of stress in the 
grain, the intersection of which define a region of physically possible 
stress states. In this region stress states are such that the material 
behaves rigidly. The region is bounded by a surface termed the yield 
surface and for stress states on this surface (Figure 3.4) the 
material behaves in a perfectly plastic fashion.
The yield surface is piecewise continuous and is defined by 
planar segments intersecting in vertices. Any five yield surfaces 
that are linearly independent intersect in a line because the stress 
space is 6-dimensional. The vertex is said to have order 1 because it 
defines a subspace of dimension 1. A hierarchy of vertices is 
defined in the yield surface by the intersection of fewer and fewer 
hyperplanes, subspaces being specified of increasing dimension (up to 
5). Stress states at a vertex of order n are necessarily defined by 
the intersection of at least 6-n hyperplanes and thus activate at 
least 6-n deformation mechanisms simultaneously.
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FIGURE 3 .4 Geometrical interpretation of the Taylor- 
Bishop-Hill model. An optimal basic feasible solution to the 
Bishop-Hill problem is illustrated. The boundary of the stippled 
area delimits the yield surface.
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The yield surface is necessarily convex by virtue of its 
definition as the intersection of half spaces defined by the listed 
constraints (see Goldman and Tucker, 1956). The yield surfaces are 
parallel to the axis of hydrostatic stress so that the stress state 
can be specified arbitrarily,
where -°° < A < °°.
+ A 6. .] il
It can be shown that if five linearly independent slip systems 
exist and if slip in the negative and positive slip directions can 
occur on these glide mechanisms, then the yield surface will form a 
closed convex hull, i.e. stress states will be bounded in all 
directions normal to the axis of hydrostatic stress. Therefore the 
yield surface will always admit to a solution of the associated 
Taylor analysis or Bishop-Hill analysis. The von Mises theorem thus 
serves in addition as an existence condition for feasible solution of
the Bishop-Hill analysis.
%
Note that any stress state on the yield surface can be 
expressed as a convex linear combination of the stress states at the 
vertices of order 1.
An important implication of the optimization condition is that 
the Bishop-Hill analysis postulates that the stress state that 
accomplishes a given deformation lies at one of the vertices of order 
1 in the yield surface. This does not cover the circumstance when 
degenerate solutions to the Bishop-Hill analysis arise. A strain 
increment £ with respect to crystallographic coordinates is imposed.
By superposing the stress and strain component axes this vector can
be represented in the same space as the stress space under discussion.
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The equation
[aij1[£ij] Wexternal
represents stress states on a plane normal to this imposed strain.
By increasing the value of W this plane is translated to the0Xu0irn3. X
appropriate extremity of the yield surface where the maximization 
condition is satisfied (Figure 3.4). This is of course a vertex of 
order 1, except in degenerate cases where nevertheless the stress 
state may be expressed as a convex linear combination of stress states 
at such vertices.
3.5.6 Geometrical Interpretation of the Taylor-Bishop-Hill Analysis
The geometrical model of the Taylor-Bishcp-Hill model can now 
be developed further. Consider the strain resulting from activity y^ 
on mechanism k, with respect to crystallographic coordinates. This 
can be represented as a vector
yk e ~k
where E^ has components [ h (n^lj+nj1^)1^ • 
is normal to the yield constraint
This mechanism strain vector
[°ij] ^ (ni1j + nj1i) \  - Tk 
for the particular mechanism (Figure 3.4).
The normals to the yield constraints at any vertex define a 
cone of vectors in six space. Activity on the mechanisms activated by 
a stress state at this vertex describes a strain (again with respect 
to crystallographic coordinates) that must lie within this cone of 
vectors. In other words all possible strains are described by a convex 
linear combinations of the mechanism strain vectors at the vertex in 
question, i.e.
= aiSi + a2e2 + ... + akEke
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where a. > 0  for all i = 1,2, ... k.
l  -
Because of the maximization condition the stress state 
predicted by the Bishop-Hill analysis as accomplishing an imposed 
increment of strain e lies at a vertex of order 1 in the yield surface. 
£ lies within the cone of normals at this vertex and thus can be 
accommodated by activity on these mechanisms.
For non-optimal solutions of the Bishop-Hill analysis, stress 
states are defined at vertices on the yield surface where mechanisms 
are activated that are not geometrically capable of accommodating the 
imposed strain increment. The imposed strain increment vector lies 
outside of the cone of normals at the relevant vertex. The Bishop- 
Hill analysis arrives at a physically possible stress state that 
activates mechanisms capable of geometrically accommodating the 
imposed strain increment.
The Taylor analysis considers a sequence of feasible slip 
activity vectors that do not necessarily define stress states on the 
yield surface. However at each of the vertices in question, the cone 
of normals to the yield constraints that define the mechanism strain 
vectors still contains the imposed strain increment. The minimization 
condition leads to a vertex on the yield surface the same as that 
arrived at by virtue of the Bishop-Hill analysis (Figure 3.5).
The optimal feasible solution of the Taylor analysis is an 
optimal feasible solution of the Bishop-Hill analysis and vice-versa.
2.5.7 The Taylor and Bishoip-Hill analyses 
as dual linear programming problems
Chin and Mammel (1969) realized that the Taylor and Bishop-Hill 
models were equivalent, and arrived at the same result by considering
the Lagrange multipliers in the two constrained optimization problems
FIGURE 3.5
Equivalence of the optimization conditions of the Taylor- 
Bishop-Hill analysis. The minimization of the internal work 
function w in the Taylor analysis (circles show series of feasible 
solutions leading to optimal condition) and maximization of the 
external work function W in the Bishop-Hill analysis (squares show 
series of feasible solutions leading to optimal condition). Note 
that only the optimal solution is a feasible solution to both 
linear programming problems. Otherwise feasible solutions of one 
problem are infeasible solutions of the dual problem.
stress
strain
axes
A
yx
\
each critical resolved yield stress 
places a constraint on all
yield
constraint 
not in yield 
surface
infeasible 
\ s l i p  
■>cOvactivity 
l^s^^vector
w,< Wl<W3=Ä>3
603< “>x <«> ,
-v<y
*
'St*
feasib 
stress 
state
infeasi ble
state
the optimal 
basic 
feasible 
solution 
W-maximized 
-minimized
YIELD SURFACE
stress
strain
axes
74
posed. The Lagrange multiplier of the optimal solution to the Taylor 
problem is the optimal solution to the Bishop-Hill problem, and the 
Lagrange multiplier of the optimal solution to the Bishop-Hill problem 
is the optimal solution of the Taylor problem.
However it should be noted that this equivalence holds only if 
the internal and external work functions are equivalent, i.e.
n
k=l
T YV k
This is true as long as the external work done by the environment 
Q . e is completely dissipated during deformation (no increase in 
internal energy) and if
n
Z
k=l
T Yk Tk $
is the complete expression for the energy dissipation function (no 
other mechanisms dissipate energy at more than a negligible rate).
The Taylor analysis and Bishop-Hill analysis are dual linear
programming problems (see Goldman and Tucker, 1956) expressed in 
canonical form, thus:
primal (Bishop-Hill)
maximize
I
i=l, 3 
j=l,3
ij
= W external
dual (Taylor)
minimize
n
. 1 k ’k internalk=l
subject to conditions subject to the conditions
l
i=l, 3 
j=l/ 3
^ ( n .1 . + n.l.) CT.. < T l j 3 l k l] - k k=l
h ( n . 1. 
i J n.l.),Y.j l k k ij
k = 1,2, ... n
-°° < 0  < 00 i,j = 1,2,3
i = 1,2,3 
j = 1,2,3
Yk > 0  k = 1,2,...n
Goldman and Tucker (1956) note several properties of dual linear
programming problems that have already been mentioned in qualitative 
form:
d) W. _ < Winternal - external
Values of the internal and external work functions 
coincide only for optimal solution of both Taylor and 
Bishop-Hill analyses, and
(2) the solution to the dual LP problem is contained in 
the dual activity vector otherwise known as the 
TT-vector, Lagrange multiplier or Simplex multiplier 
(see Chapter 4) for every feasible solution to the 
primal problem.
At every feasible solution of the primal problem the dual 
solution is infeasible, unless the solution is optimal, in which case 
the dual solution will be optimal and feasible. It may be noted that:
(a) non-optimal solutions of the Taylor problem require 
infeasible stress states (i.e. outside the yield 
surface), and
(b) non-optimal solutions of the Bishop-Hill problem 
require infeasible slip activity vectors (i.e. 
negative activity in the positive direction of slip).
The duality is shown in diagrammatic form in Figure 3.6.
3.5.8 Physical Significance of the Taylor-Bishop-Hill Model
The Taylor-Bishop-Hill model allows each grain to remain in 
exact contact with neighbouring grains during deformation and there 
is thus no tendency for grains to force themselves apart to form 
cavities at the grain boundaries, or for inhomogeneous deformation of 
any sort. The model results in a homogeneous strain distribution from 
grain to grain.
However the model leads to the postulation of stress 
discontinuities throughout the polycrystalline mass both in the 
magnitude and direction of the trajectories defined by the principal 
axes of the stress tensor. These arise because the Taylor-Bishop-Hill
FIGURE 3.6 76
A matrix representation of the duality of the Taylor 
and Bishop-Hill problems. The fundamental reason for duality 
is that the Schmid transformation vector, and the Jacobian of 
the deformation gradient are identical.(^(n^l.+n.1^)^ is the 
vector for mechanisms k = l,2,....,n and 1 -1  ^ 1
i j  = 1,2,3).
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analysis requires that stress states at vertices of order 1 on the 
yield surface accomplish any imposed deformation increment.
Deformations are thus due to a finite number of stress states and the 
stress state from grain to grain will vary discontinuously. This is 
not physically possible since the trajectories defined by the 
principal axes of the stress tensor are required to be continuous from 
equilibrium conditions. The trajectories can however be allowed a 
high degree of curvature in the grain boundary regions without 
seriously affecting the postulates of the model.
The Taylor-Bishop-Hill model, by requiring a homogeneous 
distribution of strain thus leads to the postulation of an inhomogeneous 
distribution of stress from grain to grain.
3.6 DEGENERACIES IN SOLUTIONS TO THE TAYLOR-BISHOP-HILL ANALYSIS
Degeneracies to the solutions of the Taylor-Bishop-Hill analysis 
can arise in two ways (Figure 3.7).
Firstly the imposed strain increment vector may be normal to 
one of the yield surface planes defining the yield surface, or it may 
have some other symmetrical disposition in relation to some of the 
glide mechanisms. For example the strain axes of the imposed 
incremental strain may lie in the mirror plane between two glide 
systems, or parallel to an axis of symmetry in the crystalline 
structure. The imposed incremental strain vector is orthogonal to 
some vertex (or subspace) of the yield surface of greater than order 1 
and thus requires activation and activity of less than 5 glide 
mechanisms for the deformation to be accomplished. If the vertex has
order three, only 3 glide mechanisms need operate.
FIGURE 3.7
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Two types of degeneracy occur in the 
yield surface configuration.
(a) if the optimization direction is normal 
to a subspace of the yield surface (stippled) degeneracy occurs in the 
choice of stress state. This is removed by perturbing the optimization 
direction.
(b) if some vertices in the yield surface are over-specified degeneracy 
results in the choice of the slip activity vector. The actual choice 
must be a convex linear combination of optimal basic feasible slip 
activity vectors.
(c) and (d) show with respect to crystallographic coordinates the 
position of the axis of shortening before (dot) and after (end of 
stroke) a 10% flattening is imposed on a quartz grain (see figure 4.1). 
A regular grid of relative orientations is examined. The rotation for
for each relative orientation is 
shown. For some relative orienta­
tions degeneracy results in many 
basic solutions. The actual 
choice is a convex linear combin­
ation of the rotations shown.
The yield stress values are 
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Such a situation leads to degenerate solutions to the Bishop- 
Hill analysis. Several optimal stress states exist. The yield 
surface necessarily comprises a hierarchy of vertices of increasing 
order from 1 to 5. The individual yield constraint defines a subspace 
of order 5. The intersection of two constraints defines a subspace of 
order 4 and so on. It is not difficult to show that stress states in 
a vertex of order n must be describable as convex linear combinations 
of stress states in adjacent vertices of order n-1. Thus in the case 
under question where stress states in a vertex of order m accomplish 
an imposed deformation, these stress states must be expressible as 
convex linear combinations of stress states in adjacent vertices of 
order 1 these states being also capable of accomplishing the imposed 
deformation at the same rate of work. The stress states in the 
vertices of order 1 will activate five or more glide mechanisms but at 
least m-1 of these will have zero activity.
Because the optimal basic feasible stress states describe the 
total possible degeneracy in the choice of optimal stress states a 
method was devised for their location. This simply involves a series 
of perturbations of the imposed strain increment vector and solution 
of the associated Taylor-Bishop-Hill problem (Figure 3.7).
Secondly degeneracies can also arise in the solutions of the 
Taylor analysis. These degeneracies lie in the choice of optimal 
basic feasible slip activity vectors, and they arise because linear 
dependence relations exist between the yield surface planes. A 
vertex of order n is completely specified by intersection of 6-n linearly 
independent yield surface planes. However because of crystallographic 
symmetry, vertices in the yield surface are commonly and in fact, 
usually, overspecified. Thus the stress state that produces an optimal
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solution to the Bishop-Hill analysis may activate mechanisms that 
provide choice of more than one mechanism basis set to accommodate the 
imposed deformation. This leads to a finite set of optimal basic 
feasible slip activity vectors (one for each basis set) and convex 
linear combinations of the set describe the total degeneracy in the 
choice of slip activity vector. If a simultaneous degeneracy exists 
as to the choice of an optimal stress state, there is no problem 
because each stress state gives rise to the same slip activity 
degeneracy. This occurs because some mechanisms although activated, 
necessarily have zero activity.
Before a simulation of the development of a preferred 
orientation can be made, the degeneracy in the choice of the slip 
activity vector must be removed. Considerations as to excessive 
usage of cpu time in computation are important in this regard. The 
slip activity vector degeneracy is illustrated also in Figure 3.7.
5.7 THE YIELD SURFACE CONFIGURATION AND THE EFFECT 
OF DEFORMATION PATH ON FABRIC DEVELOPMENT
The Taylor-Bishop-Hill model sets up a yield surface in stress 
space that is defined by yield criteria on a specified set of 
deformation mechanisms. Stress states at vertices of order 1 are 
postulated as controlling all deformations; therefore any pattern of 
preferred orientation that develops as a result of plastic deformation 
of a crystalline material in which this particular yield surface 
operates depends on the characteristics of these vertices.
The yield surface configuration is a term coined to describe 
the set of characteristics of the vertices of a particular yield
surface. This is important because the lattice rotations that result
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from plastic deformation of the various grains of the polycrystalline 
mass depend on:
(1) the mechanisms activated in the set of vertices,
(2) the combinations of mechanisms activated at these 
vertices,
(3) the actual activity of the mechanisms as determined 
by the components of the imposed incremental strain 
vector, and
(4) the vorticity of the deformation path.
The mechanisms and the combinations of mechanisms that can 
operate to accommodate a given imposed deformation increment in the 
grains of a polycrystaliine mass determine the primary characteristics 
of any pattern of preferred orientation that may result. The 
characteristics of the imposed deformation path as approximated by a 
sequence of incremental shape changes has then a fundamental and 
profound effect.
3.8 PARAMETERIZATION OF THE YIELD SURFACE CONFIGURATION
The set of deformation mechanisms available in a crystalline 
grain determines the total possible variation in the types of patterns 
of preferred crystallographic orientation that can result from plastic 
deformation of polycrystalline masses of the mineral in question.
However the characteristics of the yield surface configuration 
for a particular deformation are determined by the choice of the 
critical resolved shear stresses for yield on the deformation 
mechanisms. These values determine the positions of the yield 
constraints in stress space and so with each set of critical yield 
values is associated a particular yield surface configuration. The 
vector of critical yield values may in fact be treated as a vector in
a configuration space. The total set of yield surface configurations
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possible for the adopted set of deformation mechanisms can be 
represented in this space which thus offers a convenient base for a 
parametric study of the variation in developed patterns of preferred 
orientation with change in the yield surface configuration.
CONCLUSION
The Taylor-Bishop-Hill analysis can be used to calculate the 
lattice rotations that occur by dislocation glide during the plastic 
deformation of a polycrystalline mass. These rotations take place 
because individual crystalline grains develop a vorticity with respect 
to crystallographic axes that is different from the vorticity of the 
imposed deformation.
Models for the development of preferred orientation vary from 
homogeneous stress to homogeneous strain models and the Taylor-Bishop- 
Hill analysis is of the latter category.
The Taylor-Bishop-Hill analysis can be used as the basis of a 
computer program to simulate the development of preferred orientation, 
and the pattern that can result depends on:
(1) the initial choice of possible deformation mechanisms,
(2) the yield surface configuration as determined by the 
set of critical resolved shear stresses for yield on 
these mechanisms, and
(3) the imposed deformation path, as approximated by a 
sequence of linear incremental shape changes.
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4.1 INTROD UCTION
In the previous chapter the mathematical formulation of the 
Taylor-Bishop-Hill analysis is set out in detail. It has been used 
as the basis of a computer program for simulation of the development of 
preferred crystallographic orientation in a plastically deforming 
polycrystalline mass. Detailed descriptions of computer programs are 
generally not very instructive and hence no such account will be given 
in the thesis. However some of the problems met in program development 
have been unusual and therefore will be briefly mentioned in this 
chapter. At the same time it is hoped that the reader can gain some 
conception of computational methods employed in this project.
4,2 THE COMPUTER PROGRAM
A major part of the program is a translation of the mathematics 
described in Chapter 3, and no discussion into this aspect will be 
made. Most of the problems, numerical or otherwise, that arose during 
program development are of no interest to us here. The commonly used 
version of the program was 2200 lines long, occupied 19K words of core 
and simulated deformation of 500 grains each subjected to 20 deformation 
increments using on the average 25-30 minutes of central processor time 
on the Univac 1108. The program had its own restart facility and was 
run as a series of short jobs. Approximately 140K words of raw fabric 
data were output onto disc storage by each job.
The control procedures for operation of the program are
reasonably complicated because a system was developed to enable safe and
8unambiguous storage for the 5x10 words of fabric data produced during 
this project. The system required data to be readily retrievable and 
the ability to operate even with several independent data producing
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simulations operating simultaneously. An interactive program requests 
all of the information necessary to perform a simulation and creates 
the necessary control procedures. In a typical run the job starts, 
executes for five minutes, terminates and resubmits itself to the job 
queue to be released again at operator discretion. When simulation is 
complete various utility programs are automatically started to analyse 
and portray the fabrics represented in the raw data.
As the computer programs exist at the moment, various versions of 
the main algorithm are available, and many options. These will not be 
discussed to avoid unnecessary tedium.
The basic program requires essentially three types of data:
(1) the set of available deformation mechanisms. These 
are usually dislocation glide systems although climb 
and mechanical twinning have been also considered in 
specific circumstances,
(2) a set of critical resolved shear stress values for 
activation of these mechanisms, and
(3) a description of the deformation path in the form of 
a sequence of incremental deformations.
One 'grain1 is examined at a time and each increment of the 
deformation path imposed sequentially. For each increment the Taylor- 
Bishop-Hill analysis is used to calculate the rotation of crystallo­
graphic axes that takes place with respect to specimen axes. These 
procedures are set out in detail in Chapter 3. At intervals the 
orientation of the grain with respect to specimen axes is recorded on 
disc. After execution of the program terminates a number of disc 
storage files exist that have recorded the crystallographic orientations 
of the set of 'grains' at various stages through the imposed
'deformation'.
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4,3 THE LINEAR PROGRAMMING PACKAGE
The essential part of the Taylor-Bishop-Hill analysis is the 
optimization of a linear programming problem (e.g. Garvin, 1960).
An objective function is maximized or minimized subject to certain 
linear constraints on allowable values of the independent variables.
The Taylor and Bishop-Hill analyses are dual linear programming problems 
(Chin and Mammel, 1967; Kuhn and Tucker, 1950; Goldman and Tucker, 1956) 
and calculation of an optimal basic feasible solution to one problem 
leads to calculation of the optimal basic feasible solution of the dual 
problem. This is stored in the dual activity vector, TT-vector, or 
simplex multiplier. The Taylor analysis is solved during computation 
to obtain the slip activity vector, and the dual activity vector thus 
contains the solution to the Bishop-Hill problem, namely the stress 
state that activates the mechanisms that accommodate the imposed 
deformation.
A linear programming problem is solved for each increment of the 
deformation path for each crystalline grain. If degenerate solutions 
exist they are listed by perturbation techniques so that in an average 
simulation more than 400,000 linear programming problems are solved.
The linear programming package used in the calculation therefore assumes 
some importance to the success of the project.
The IBM MPS/360 package was initially used but this proved 
numerically unstable because of the characteristics of the problem. 
Fortunately the discovery of these deficiencies coincided with the 
arrival of the Univac 1108 at ANU and the adaption by Anderson of an 
LP package written by Saunders (Anderson, 1974 and Saunders, 1972).
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Anderson (1974) notes that methods for solution of LP problems 
have until recently merely been variations of the Simplex Method 
described by Dantzig and Hurwig in 1947 (e.g. Dantzig, 1963). All of 
these methods have in common that the inverse of the basis is updated 
by a method equivalent to the Gauss-Jordan elimination without choice 
of pivots. Unless suitable choices of pivots are made the method is 
numerically unstable and large errors may accumulate in the inverse.
This fact has been known for over 20 years.
It is numerically both more stable and efficient to use some 
factorization of the original matrix rather than to compute the inverse 
directly. Examples of such factorizations are the orthogonal 
factorization
B = LQ
Twhere L is lower triangular and Q is orthogonal (Q Q = I) or equivalently 
the Cholesky factorization
T TBB = LL
or TBB
r
= LDL
where D is a diagonal matrix. The Saunders LP package is derived from 
an algorithm (Gill and Murray, 1971, see Saunders, 1972) based on the 
Cholesky factorization whose favourable numerical properties are 
widely recognized.
The successful outcome of this project has been in large part 
due to the use of the Saunders LP package. It provides a fast (3-4 
m sec for 102 variable problem) in-core, numerically stable method for 
solution of the Taylor analysis. Objections to the use of the Taylor 
analysis because of excessive computation requirements consequently
disappear.
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4t4 THE INITIAL ORIENTATION DISTRIBUTION
Three basic modes of program operation are allowed.
Firstly a specified set of grain orientations relative to strain 
axes may be deformed by one increment of an axially symmetric flattening 
or extension. The rigid body rotation that results for each of a 
regular grid of orientations may be portrayed on an inverse pole figure 
showing the position of the axis of flattening or extension before and 
after the deformation, relative to the crystallographic axes (Figure 4.1).
Secondly a pseudo-random population of grain orientations may be 
generated and plastically deformed grain by grain over several 
deformation increments. The pseudo-random population is derived as 
follows:
The crystallographic axes are specified to have a 
fixed relation to a cartesian reference system Y..
This relation is determined by the Bond matrices 
described by Terpstra and Codd (1961). Now the 
coordinate system is related to a reference system 
by the Eulerian angles 0^, Q ^ r 0^. These define a 
sequence of rotations as follows:
(1) 0 about X -1 ~1
(2) 0, about x^2 ~2
(3) 0 about X^3 ~3
In order to generate a random population of orienta­
tions of the frame Y. relative to the frame X. a set of
~ i  ~ i
Eulerian angles is generated so that:
(1) 0^ is uniformly distributed in (0, 2tt] ,
(2) is distributed according to Sin x 
where x is in the range (0, 2tt] , and
(3) 0^ is uniformly distributed in (0, 2tt] .
Rotation matrices can then be calculated.
See Dorn and Greenberg, 1967.
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FIGURE 4.1
A uniform flattening increment is imposed on a set of grain 
orientations. The axis of flattening before (dot) and after (end of 
stroke) the deformation increment is plotted with respect to crystallo­
graphic coordinates on inverse pole figures. Yield stresses are as 
shown. The diagram represents an inverse vorticity field developed 
during deformation. For the first diagram it can be seen that for 
flattening Z-axes migrate to the c-axis so that a strong point maximum 
of c-axes at Z will be developed on a (000l) pole figure. On the other 
hand for elongation, the negative rotations apply so that for the 
example shown Z-axes migrate 75° - 90° away from the c-axis. A 75° - 
90° girdle of c-axes about Z thus forms. In the second diagram, on 
flattening c-axes fall in a 25° small circle girdle about Z, and for 
elongation a 70° - 90° girdle about X. In all cases that follow unless 
explicitly mentioned these diagrams show the inverse lattice rotation 
for a 10% axially symmetric shortening. For each grain orientation 
there may be several optimal basic feasible solutions to the Taylor 
analysis (only two in the examples presented) and the lattice rotations 
corresponding to each basic feasible solution are shown for each 
grain's original orientation (dots). The set of possible lattice 
rotations is obtained by taking convex linear combinations of these 
basic solutions. The yield stresses correspond to a list of mechanisms
tabled in Chapter 5.
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A serious disadvantage to the use of the orientation distribu­
tion figure (e.g. Baker et at., 1969; Bunge and Haessner, 1968) can now 
be discussed. The orientation distribution uses the Eulerian angles to 
describe a grain orientation as a point in 3-space. However a uniform 
orientation distribution does not define a random distribution (Kendall 
and Moran, 1963). This preferred orientation pattern is partially 
obscured by symmetrically equivalent degenerate specifications of the 
same relative orientation and is therefore less marked in high symmetry 
materials. This aspect is apparently not considered in a number of 
studies (e.g. Baker et at. 1969; Kallend and Davies,'*' 1972) based on 
the orientation distribution figure.
The relation between coordinate systems X_^ and is expressed 
by the rotation matrix M where
Y. = MX.
~ i  ~ i
This matrix has symmetry equivalent degenerage specifications
T, MS.
where lTk l = 1 and IS . I 3
and Sj , j = 1,2, ... n
and V  k = 1,2, ... n
are the point group symmetry elements of the reference frame X^ and the 
crystallographic reference frame X^.
The final mode of program operation is used to test the impact 
of deformation on existing patterns of preferred orientation. A 
different set of critical yield values might be input for example to 
test the effect of a change in yield surface configuration.
"'’These authors state that they have used a starting population defined 
by a uniform orientation distribution.
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4.5 MATRIX ALGEBRA APPLIED TO CRYSTALLOGRAPHY
The programs have application to even complex crystallographic 
structures because of the application of generalized matrix methods to 
the problem. Terpstra and Codd (1961) describe the Bond matrices that 
transform lattice coordinates
d [i] = !'
and reciprocal lattice coordinates 
E(n) = n '
to a common Cartesian frame referenced as the Bond axial system. The 
transformation matrices are related thus
TD E = I
The matrix methods because of their simplicity have by passed many of 
the programming difficulties which would have arisen through use of 
spherical trigonometric formulae.
4.6 FINITE STRAIN CONSIDERATIONS
A serious numerical error occurring during computation arises as 
follows. The deformation gradient
3x.
F = [33T]D
is such that, for infinitesimal deformations
^  ^ 3
3xx • 9x ' 3x3 1 + 6v
where 6v is the volume change associated with deformation. Thus
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9u, 9u
3ir,(1 + 3x2)(1 +1 2
9u 9u 9u1 . 2 + ■ 3 + 
9 x o 9x _Bx_ +1 2 3
so that for volume constant deformations the approximation holds that
However the incremental deformations imposed on the hypothetical grains 
are far from infinitesimal but the trace of the associated Jacobian 
must be zero for the linear programming problem to remain feasible.
Thus an effective volume change is implied. For a simple shear 
described by the deformation gradient
Tthen the Finger Tensor FF (e.g. Malvern, 1969) describes the spatial 
finite strain ellipsoid. One invariant of this tensor defines the 
volume squared of this ellipsoid, i.e.
In this case no volume change is implied but if a plane strain was 
approximated by the deformation gradient
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1.10 0 0
0 1.0 0
0 0 0.90
then an approximation error manifests itself as a 1% volume decrease. 
Such errors cumulate in a deformation described by the sequence of 
incremental deformations.
TT f
k=l n-k+1
The error decreases if the relative displacements involved in the 
deformation increment are decreased but no significant differences to 
fabric were observed in test runs using 20 increments and 40 increments 
of the following deformation gradients respectively.
(a)
1.10 0 
0 1.00
0.90
(b)
1.05 0
0 1.00
.95
Errors arise in calculating the magnitudes of eigenvalues and 
orientations of eigenvectors. In order that volume constant 
deformation be considered, the determinant
is normalized when computing eigenvalues and eigenvectors of the 
spatial finite strain ellipsoid.
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4,7 REPRESENTATION OF FABRIC
Fabric data are smoothed to allow convenient representation and 
are contoured in terms of an expectation value for a random distribution. 
With each vector x is associated a bundle of vectors. If x is 
considered to be the point 0,0 in a spherical polar projection then the 
coordinates of the associated vectors are <P, p and
(1) (f) is uniformly distributed (0, 2tt]
(2) p is distributed according to a Gaussian distribution,
mean 0, standard deviation arbitrarily specified
(3° in this thesis).
Contouring is performed on the surface of the sphere rather than on the 
plane of projection as in conventional techniques (e.g. Kamb, 1959; 
Mellis, 1942; Rosengren, 1968; Schmidt, 1925). A 'smudge' without edges 
rather than a spot with a sharp cut off in intensity is associated with 
each data point. Arbitrary definition of data accuracy is allowed 
rather than a projection determined value (as in Kamb, 1959). Picture 
processing techniques (McLeod, 1970) have been used in the final 
presentation of the fabrics (Figure 4.2).
Kinematic representation of fabric development can also be 
obtained by drawing position of poles or axes before and after a 
deformation step (Figure 4.3).
4,8 DEGENERACY IN TEE YIELD SURFACE CONFIGURATION
One of the most interesting of the early computational problems 
was that posed by the existence of degeneracy in the yield surface 
configuration. Whereas only five yield constraints in stress space 
are needed to define a vertex parallel to the axis of hydrostatic 
stress, it so happens that because of crystallographic symmetry some 
vertices of the yield surface are over specified. This occurs
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FIGURE 4.2
Illustrates the picture-processing technique (McLeod, 1970) that
has been used in the remainder of this thesis to represent fabrics.
The line-printer over-prints lines with chosen character sequences to
give a tonal scale - see the key in the lower right margin. The
intensity is read in powers of 2 times expectation value for a random
orientation distribution. Thus the first three lines show 2° times
1 2random, the next three 2 times, the next three 2 times, and so on. 
Unfortunately the method was not used to full advantage in the thesis 
because the grey scale was compressed deliberately. Otherwise differ­
ent intensity keys would be necessary for particular fabrics. Thus 
intensities greater than 16 times uniform are indistinguishable. The 
maximum intensities are recorded in data but have not been presented in 
the thesis. This fabric resembles one measured by Wilson (1970) from 
the Mount Isa Fault and was produced by low temperature, high-strain 
rate mechanisms after 9 increments involving the deformation gradient
F =
1.10 0
0 .95
0 0
0
.2
.95
and the yield surface configuration defined by the yield stress values
1A a a , /2 2 2/2.05 2.05 2.05
The principal stretches involved are
X Y X
.19 1.60 3.23
and the Z axis is 19.2° off vertical.
9 8 a
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FIGURE 4.3 Shows an important fabric developed by imposing a plane 
strain on the yield surface configuration defined by the yield values
1/.A /\ /\ /\ /  4 S 5/A A A
The deformation gradient for each increment was
1.10 0 0 
0 1.00 0 
0 0 0.90
and the circles represent crystal grain - specimen relative orienta­
tions after 9 increments, and the ends of the strokes represent these 
orientations after 10 increments. Thus a kinematic picture of fabric 
development is obtained. Note that 3 inverse pole figures showing the 
behaviour of the principal axes of strain X,Y,Z have been prepared, and 
the pole figure show the c-axis rotations with respect to specimen axes.
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commonly and leads to degenerate specifications of the optimal basic 
feasible slip activity vector. For each choice of basis out of the 
systems activated at the vertex there exists one optimal basic feasible 
slip activity vector. The set of optimal feasible solutions is 
defined by the set of convex linear combinations of these basic vectors. 
A description of the total variation in possible lattice rotations 
results from a description of the total set of optimal basic feasible 
slip activity vectors.
Five methods were used to choose the optimal vector and the 
effects on fabric development are now described. Simulations were 
performed for FCC metals with {lll}<110> slip and for galena with 
{l00}<011> and {oil}<011>. The methods used were
(1) random selection of one optimal basic feasible slip 
activity vector for each increment, minimizing the 
number of slip systems,
(2) random selection of one convex linear combination 
of the optimal basic feasible solution set for 
each increment,
(3) random perturbation of the yield values to minimize 
the occurrence of degeneracy. In effect this method 
requires an activated set of mechanisms to remain 
active for as long as possible during the deformation,
(4) latent hardening of inoperative systems is assumed to 
proceed faster than work hardening of active systems.
Again as in (3) an activated set of mechanisms tends 
to remain active for as long as possible during the 
deformation. The method differs from (3) in the 
method of the initial choice of activated mechanism, and
(5) latent hardening of inoperative systems is assumed to 
proceed at a slower rate than work hardening of active 
systems. An activated set of mechanisms tends to 
deactivate as soon as possible in favour of activation 
of mechanisms accommodating equivalent strains.
Bishop (1954) also considered the effect of different latent hardening
laws on fabric development.
Only the last three methods had an effect on fabric simulated in 
this work and they resulted in slight accentuation of maxima. It was
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thus demonstrated that the copper-brass fabric transition (e.g. as 
described by Hu et at. 1966) was not due to different work hardening, 
latent hardening rules. Kallend and Davies (1972) found a similar 
result, the non-random resolution of degeneracy in the choice of
optimal basic feasible slip activity vectors because of stacking fault 
energy considerations, or because of cross-slip, was not the 
cause of the development of brass type or copper type preferred 
orientation patterns in FCC metals.
For imposed strain increments that are symmetrically related to 
crystallographic axes,several completely specified stress vertices on 
the yield surface may be optimal solutions to the dual LP problem 
(the Bishop-Hill analysis). The set of optimal basic feasible slip 
activity vectors corresponding to each of these vertices is identical, 
because some systems, although activated in the sense that the critical 
resolved yield stress is attained, have zero activity. The stress 
state that may be chosen for this situation causes no variations in 
the developed fabric. A hierarchy of subspaces is defined:
(1) 1 space - hyperline
(2) 2 space
(3) 3 space
(4) 4 space
(5) 5 space - a general yield constraint.
The full specification of both dual and primal degeneracy, or 
degeneracy in the choice of actual stress state, or of actual slip 
activity vector,is obtained by listing the optimal basic feasible 
solutions, and these define a set of convex linear combinations.
For the computations referred to in the remainder of this thesis, 
the third method (p.100) was used to resolve degeneracy. Work hardening 
and latent hardening will be considered again however.
i
I
102
CONCLUSION
Part of the reason for the successful outcome of this project 
in that the Taylor-Bishop-Hill analysis can be used to simulate fabric 
development in monomineralic masses of complex crystallographic 
structures, lies in the use of the Bond matrix methods (Terpstra and 
Codd, 1961), and the Saunders (1972) LP package (Anderson, 1974). The 
LP package uses procedures based on the Cholesky factorization and 
thus attains numerical stability not available in packages based on 
the older Simplex procedures.
The Taylor-Bishop-Hill analysis was used to simulate fabric 
development in FCC metals and in galena masses. Different latent 
hardening laws on slip systems were used to test the impact on fabric 
development of non-random removal of degeneracy in the choice of 
optimal feasible slip activity vector. Little effect was observed and 
it was concluded that differences in latent hardening laws do not 
explain the copper-brass fabric transition (see also Bishop, 1954; 
Kallend and Davies, 1972).
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5.1 INTRODUCTION
The thesis now begins to discuss fabric simulation studies 
performed with the computer program introduced in Chapter 4. As noted, 
three types of data are essential to the operation of this program:
(1) the set of deformation mechanisms available to achieve 
the required deformation,
(2) critical resolved shear stresses that must be exceeded 
for activation of these mechanisms, and
(3) a sequence of incremental deformations that approximate 
the imposed deformation path.
This chapter is the first of a set that detail some of the implications 
of the Taylor-Bishop-Hill model for the development of patterns of 
preferred crystallographic orientation in (hypothetical) plastically 
deforming quartzite masses. The Taylor-Bishop-Hill model is accepted 
as a first approximation to the actual physical situation in a 
deforming polycrystalline mass, and the thesis concentrates on 
simulating fabric development with this model.
5.2 CHOICE OF THE SET OF DISLOCATION GLIDE SYSTEMS 
AND CRITICAL YIELD VALUES FOR YIELD ON THESE MECHANISMS
Ideally at this point several observational studies could be 
referenced, and a list compiled of the dislocation glide systems 
reported as allowing plastic deformation of quartz. At the same time 
it might have been possible to formulate some conclusions regarding 
relative yield values on different systems. Unfortunately this cannot 
be done because knowledge of the dislocation glide systems in quartz is 
still rather incomplete and there is little data for relative yield 
values on the various possible systems in spite of much experimental 
effort. There is a case, however, for assuming certain mechanisms to 
have operated in particular deformations, and theoretical considerations
can give some basis to the assignment of yield values.
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The choice of the set of possible dislocation glide systems is 
of fundamental importance because, as discussed in Chapter 3, the prim­
ary characteristics of a developed pattern of preferred orientation are 
determined by the yield surface configuration that is applicable. This 
configuration is determined by the set of critical yield values 
specified for the total set of possible mechanisms. Thus this initial 
choice of mechanisms determines the total variation in types of 
preferred orientation pattern that can result from different specifica­
tions of the set of critical yield values. In fact the fabric 
simulations performed can only examine the geometrical implications of 
this initial choice of possible mechanisms.
The description of the total variation in fabric patterns that 
result from different yield surface configurations is a laborious task.
It is not a simple matter even to establish which sets of critical 
yield values determine the configurations that allow this variation to 
be described. Therefore, because the length required to deal with these 
aspects at this point would disrupt the continuity of the thesis, they 
are discussed in Chapter 9. Apologies are offered for the frequent 
forward references which are thereby made inevitable. It is convenient 
also to include in Chapter 9 discussion concerning the initial choice 
of possible dislocation glide systems, and notions concerning limitations 
on the relative values of critical yield stress values.
In this chapter a subset of dislocation glide mechanisms is 
selected from the total set considered in Chapter 9 where it is argued 
that most evidence exists for operation of these mechanisms. This 
subset is tabled in Figure 5.1. Four yield surface configurations have 
been chosen from the set of configurations based on operation of these
mechanisms.
FIGURE 5.1
The subset of dislocation glide systems studied in 
detail in this thesis and the critical yield stresses 
defining the four yield surface configurations studied 
in this chapter.
Glide plane Glide direction
Relative critical 
yield stress on 
mechanisms for 
quartzite mass
1 2  3 4
basal{000l} <a> E <1120> 1.0 1.0 1.0 1.0
prism(m) <c> E <0001> A A 1.0 A
= {loio} <a> E <1210> A /\ .6 1.5
<c+a> E <1213> /S /S 2.0 1.5
<-c-a> E <1213> A /V 2.0 1.5
(+)rhomb(r) <a> E <1210> 4.0 2.0 1.5 A
= Uon} <c+a> E <2113> 5.0 2.0 2.0 2.0
<-c-a> e <2113> 5.0 2.0 2.0 2.0
(-)rhomb(z) <a> E <2110> /N 2.05 1.55 A
= {0111} <c+a> E <1123> A 2.05 2.05 A
<-c-a> E <1123> /S 2.05 2.05 A
The Miller-Bravais 4 index hexagonal indexing system 
is used for glide directions (of. Nicholas, 1966). 
The symbol /v indicates that the critical resolved 
shear stress for yield was sufficiently great in 
comparison with values for other mechanisms to 
prevent operation of the mechanism.
109
These configurations describe important fabric variations that 
can occur as a result of operation of the subset of mechanisms, and of 
different combinations of these mechanisms. Some of the configurations 
are important in the next chapter in which the origin of crossed- 
girdle fabrics is considered. In this chapter we suppose that each of 
these configurations is applicable to one of four different quartzite 
masses. Fabrics are considered that develop in these masses as the 
result of many types of deformation. Thus this chapter considers the 
effect of deformation path on fabric development given specific sets 
of critical yield stress values that determine particular yield 
surface configurations.
5.3 THE INFLUENCE OF DEFORMATION PATH ON 
FABRIC DEVELOPMENT
5.3.1 Mechanism Activity Determined by Deformation Path
The mechanisms and combinations of mechanisms that are activated 
in a deformation determine the primary characteristics of a developing 
pattern of preferred orientation. Dislocations gliding on {loio}
(prism) planes with slip direction [c] rotate the crystallographic 
axes about the [a] direction so that c-axes tend to align parallel to 
the extensional axis of the deformation. Prism <a> slip rotates 
crystals about c-axes, and basal <a> slip rotates crystals about 
directions in the basal plane. Basal <a> slip thus tend to align c-axes 
parallel to the axis of shortening associated with the deformation.
Which mechanisms operate and in which combinations is a factor determined 
by the yield surface configuration specified by the set of critical yield 
values (see Chapter 3) .
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When considering the deformation of a particular grain in the 
polycrystalline mass the mechanisms that operate out of the above set 
are determined by the orientation of the grain with respect to the 
strain axes of the deformation increment. The activities of these 
mechanisms are determined by the magnitude of the components of the 
incremental strain tensor. As discussed in Chapter 3 the lattice 
rotations that result depend on these activities and on the rigid body 
rotation associated with the rotation step. Thus the deformation path 
by which the deformation is achieved has a profound influence on fabric, 
though the primary characteristics of the pattern that develops will be 
determined by the yield surface configuration during deformation.
5.3.2 The Effect of Deformation Path on Fabric Symmetry
A symmetry principle attributed to Pierre Curie (1894) but 
independently recognized by many workers in different fields can be
stated as follows:
"The point symmetry (statistical or otherwise) of an 
effect (Geffect) associated with a particular phenomenon 
cannot be less than the common point symmetry of the 
causes G.."l
Using group symbolism^
^effect - [GinG2nG3n . . . UG } n
Paterson and Weiss (1961) discuss the principle in its relation to 
deformation, following up the notions first stated by Sander in terms 
of his "movement plan". Referring to the effects of deformation on 
fabric development they state that
1 The symbols come from set logic (e.g. Griffiths and Hilton, 1970).
9 defines group intersection, or common elements 
- contained in or equal to 
{} the group defined by the generator.
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"whatever the nature of the factors contributing to a 
deformation may be, the symmetry that is common to them 
cannot be higher than the symmetry of the deformed 
fabric, and symmetry elements absent in this fabric 
must be absent in at least one of the contributing 
factors."
The same overall shape change may be arrived at by many deformation 
paths. The symmetry of the developed pattern of preferred orientation, 
taken in context with its orientation relations to other fabric elements 
such as grain shape must reflect the symmetry of the imposed deformation 
path. Although the symmetry of the developed fabric might be higher 
than that of the deformation path, it cannot be lower unless some 
unrecognised factor is influencing fabric development.
The symmetry of the observed pattern of preferred orientation 
might be the only indication that a simple deformation path was not 
involved in its production. For example a shape change described as 
flattening may be arrived at
(a) by a constant increment deformation path involving 
axially symmetric flattening at all times,
(b) by deformation path involving a change in the nature 
of the imposed incremental shape changes. Plane 
strain may initially take place, then the incremental 
shape change could begin elongation in the then 
direction of the axis of intermediate strain.
The fabric developed in the first case is axially symmetric about
whereas the fabric involved in the second case will have orthorhombic
symmetry. Fabrics retain monoclinic symmetry only as long as one axis
of the incremental strain ellipsoid remains constant in orientation
throughout the deformation. Non-constant gradient deformation paths
may lead to orthorhombic symmetry as long as the incremental strain
ellipsoid remains coaxial with the finite strain ellipsoid, regardless
of the correspondence of the labelling of the axes. (Consider the
plane strain gradually changed into an overall flattening by extension
in the direction of the then axis of intermediate strain.)
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The majority of quartzite preferred orientation patterns found 
in metamorphic tectonites have triclinic symmetry. It must be concluded 
that there is a strong potential for complex deformation paths to be 
imposed in the geological environment.
5.4 RELATIONSHIP OF THE PATTERN OF PREFERRED 
ORIENTATION TO THE FINITE STRAIN ELLIPSOID
5.4.1 The Finite Strain Ellipsoid
A deformation may be imagined as being attained through an 
infinite sequence of infinitesimal shape changes. This sequence 
defines the deformation path. If small enough volume elements are 
considered then a material sphere (Figure 5.2) is deformed by the 
sequence of shape changes to an ellipsoid termed the finite strain 
ellipsoid.
If a finite deformation
x = FX
is described in terms of a sequence of incremental deformations
F, , k = 1,2 ... n, then^ k
n
TT
j=l n- j+1
and for a path with constant deformation gradient
F = (F )
The finite strain ellipsoid gives a description of the total 
deformation in terms of the orientation of the principal axes of strain, 
and of the magnitude of the principal values of strain, or stretches, 
in the deformed material. The axes of the finite strain ellipsoid are
n
IT
k=l \  - V 2 An implying matrix multiplication.
1
113
FIGURE 5.2
A deformation described by deformation gradient F
results in a material sphere changing to an ellipsoid.
fundamental rotation theorem shows that the deformation can
be expressed as a stretch U then rotation R or a rotation R
then a stretch V. The finite strain ellipsoid is described
according to the coordinates by which it is referenced.
GREEN DEFORMATION TENSOR C
Stretch Rotation 1 Spatial 
I strain 
ellipsoid
material
strain
ellipsoid
spatialmaterial
frame frame
FINGER DEFORMATION TENSOR
StretchRotation
ATa
material
frame
spatial
frame
CAUCHY DEFORMATION TENSOR 
-1 / _ _ t \~1
Rotation 
- 1
Stretch
reciprocal/ a *
strain ^  materiaT 
ellipsoid*** frame
spatial 
frame **
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g3 = X = the axis of elongation
e2 = Y = the axis of intermediate strain
e = Z = the axis of shortening
By considering a material sphere at time t = t^ the resultant ellipsoid 
at time t = t describes the incremental strain ellipsoid.
The relation of the axes of the incremental strain to those of 
the finite strain ellipsoid may be coaxial. If the deformation path 
has zero vorticity and the two sets of axes are coaxial then the 
simplest type of deformation is defined, i.e. a coaxial irrotational 
deformation. Simple shear attained through a path of constant gradient, 
on the other hand defines a non-coaxial and rotational deformation path.
5.4.2 The Fundamental Rotation Theorem
For finite deformations the symmetric and antisymmetric 
components of the deformation gradient F, where (Figure 3.1)
x = FX,
no longer represent pure strain and pure rotation respectively. On the 
other hand, deformation can still be regarded as a combination of a 
rotation with a pure shape change. The fundamental rotation theorem1 
states that the deformation at a point may be considered as the result 
of a translation followed by a rotation of the principal axes of strain, 
and then by stretches along these principal axes, or some other 
permutation of this order. In other words a multiplicative decomposi­
tion of the deformation gradient F into the product of two tensors is 
possible, one of which represents a rigid body rotation, while the other 
represents a pure strain and is termed the stretch tensor (Malvern, 1969 
but also Truesdell and Toupin, 1960)
1Malvern (1969) notes that this fact was realized by Thomson and Tait 
(1867) but was first explicitly stated by Love in 1892.
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where R is a rotation matrix and thus orthogonal (R R = I) and U is the 
right stretch tensor and V the left stretch tensor. The tensors U and 
V produce length changes (stretches) in vectors and additional rotation 
of these vectors except those in the principal directions of the stretch 
tensor, in addition to the rigid body rotation of the whole space.
The finite deformation of an infinitesimal volume element at X 
may be considered (after Malvern, 1969) to consist of the successive 
application of
(1) a stretch by the operation U
(2) a rigid body rotation by the operator R
(3) a translation to x 
or
(1) a translation to x
(2) a rigid body rotation by R
(3) a stretch by V
5.4.3 Finite Deformation Tensors
Now the attitude of a grain-shape foliation or a grain-elongation 
lineation can be determined. It is assumed that such a fabric element 
might reflect the orientation of the finite strain ellipsoid. The 
preceding section has shown that the deformation F may comprise a 
stretch, and a rigid body rotation.
Element dX in the undeformed state is transformed to element dx 
in the deformed state
dx = F dx
and the elements have lengths
'''Notation follows Malvern (1969) after Truesdell and Noll (1965) 
following Noll (1958).
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(dS) = dx . dx = dX F F dX 
for the length of dX after deformation, and
T
(dS)2 = dX . dX =  dxT (F 1) (F 1)dx
for the length of dx before deformation. This latter transformation by 
considering all vectors dx so that
dx . dx = 1
describes a shape wrt spatial coordinates that transforms into a sphere 
because of deformation. This is the reciprocal strain ellipsoid. The 
transformation
T T T 2dx FF dx = dx V dx
describes the inverse transformation and thus the spatial finite strain
Tellipsoid. This tensor FF is the Finger tensor (see Malvern, 1969 or 
appendix to chapter). Its eigenvectors determine the principal axes of 
the strain ellipsoid and its eigenvalues the squares of the principal 
stretches associated with the deformation with respect to spatial axes.
5.5 COMPUTER SIMULATIONS WITH A SELECTION OF 
DEFORMATION PATHS
5.5.1 Description of the Imposed Deformation Paths
Three classes of deformation paths were imposed on the 
hypothetical quartzite masses:
(1) constant gradient coaxial irrotational paths. The axes of the 
incremental strain ellipsoid coincide with the axes of the finite strain 
ellipsoid at all times. The deformation gradient does not vary and has 
zero vorticity (hence the term irrotational). A selection of such
deformation paths was used that varied from
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(1) axially symmetric shortening,
(2) plane strain, and
(3) axially symmetric extension.
Deformation gradients for the deformation increments used in these 
paths are tabled in Figure 5.3.
(2) Constant deformation gradient paths that are non-coaxial and 
rotational. These paths involve a deformation increment that can be 
split into two components, one involving simple shear. For example a 
common geological deformation may be approximated by a simple shear 
with an attendant extension in the shear plane normal to the shear 
direction. These paths will be tabled later at the appropriate points.
(3) Paths of non-constant deformation gradient.
Some characteristics of the deformation path may be registered 
by treating the lengths of the axes of the finite strain ellipsoid as 
components of a vector. As the deformation proceeds the lengths of 
these axes change and the strain path is delineated in the appropriate 
3-space. The length of these axes are:
(1) | X | of the axis of extension,
(2) | y | of the axis of intermediate strain, and
(3) 1 Z I of the axis of shortening.
The volume of the strain ellipsoid is
I TI i I I I I II FF I = TT/6 I X I I Y I I Z I
so that if deformation does not involve volume change (isochoric) 
then
log I X11/1 XI2 + log |Y11/1Y|2 + log |Z||Z|2 = 0
for any two points along the deformation path (1 and 2). Thus consider­
ing a Cartesian space, and a unit volume strain ellipsoid, isochoric 
deformations delineate paths in the plane through (0,0,0) and normal to
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Figure 5.3
The deformation gradients used in the simulations 
with coaxial irrotational deformation paths
(1) axially symmetric shortening
(2) plane strain
(3) axially symmetric extension
1 . 10 0 0
0 .95 0
0 0 . 95
1 . 10 0 0
0 .97 0
0 0 .93
1 . 1 0 0 0
0 . 9 8 5 0
0 0 9 1 5
1 . 10 0 0
0 1 . 0 0 0
0 0 0 . 9 0
1 . 0 8 5 0 0
0 1 . 0 1 5 0
0 0 0 . 9 0
~1 .07 0 0
0 1 . 03 0
0 0 0 . 9 0
1 . 0 5 0 0
0 1 . 0 5 0
0 0 0 . 9 0
119
[1,1,1]. The strain axes can be projected on this plane and thus a two 
dimensional method of portraying deformation path is possible. The axes 
are 120°apart and a deformation path is defined by the locus of the 
vector sum
(log|x|)A+ (iog|y|)B + (log|z|)C
where A, B, C are unit direction vectors. The coaxial irrotational 
paths with constant deformation gradient that were imposed on the 
quartzite masses are illustrated on this diagram in Figure 5.4.
5.5.2 Properties of the Fabrics Computed for 
Coaxial Irrotational Deformation Paths
When the coaxial irrotational deformation paths described were 
imposed on the four quartzite mass fabrics developed that are 
illustrated in the following sequence of figures. These figures will 
now follow with explanatory notes, and the general discussion will be 
taken up again after the figures.
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FIGURE 5.4(1)
The coaxial irrotational deformation paths used in 
the simulation studies in the following pages are illustrated 
on two strain diagrams. This diagram shows a plane through 
the origin normal to (1,1,1) in a Cartesian space defined by 
vectors whose components are the logarithms of the lengths of 
the axes of a unit-volume finite strain ellipsoid. The axes 
of this space are projected onto the figure. The components 
of a point on the diagram can be computed by taking the 
antilogarithm, the vector being determined as a linear 
combination of the two basis vectors shown. Full circles 
show deformation increments for which fabric diagrams were 
produced. Shapes to which a cube deforms are shown for 
various positions on the diagram.
Basis vector 1
axis C
(h,-h,0) plane strain
E-W elongation
p 1 ane 
strain
axis B
Axis A
E-W plane strain
N-S elongation
Basis vector 2
N-S plane strain flattening
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FIGURE 5.4(2)
The coaxial irrotational deformation paths used 
in the simulation studies are illustrated on a log Flynn 
diagram. The filled in circles show deformation increments 
for which fabric diagrams have been produced. The deform­
ation path for plane strain deviates from the plane strain 
axis because of the finite strain approximation volume 
errors discussed in chapter 5.
flatteninglog Y/Z
LOG FLYNN DIAGRAM
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FIGURES 5.5 (1) to (4)
This sequence of diagrams details c-axis fabrics developed 
in the first of the quartzite masses studied. Fabrics are presented 
(for the third and fifth shaded dots of figure 5.4) for each of seven 
coaxial irrotational deformations (deformation paths shown in figure 
5.4). The fabrics resulting from each deformation are shown in 
separate columns. The patterns that result for axially symmetric 
elongation are shown in column 1, page 1, for plane strain, column 2, 
page 2, and axially symmetric shortening, column 1, page 4. 
Intervening columns show the fabrics that result for deformations 
of intermediate character. As the deformation path changes in 
character the resultant fabrics show contraction of the maxima to 
form a small-circle girdle 25° - 30° about Z, and a connecting YZ 
girdle. No pole free area develops at Z however as will be noted for 
other fabrics. This 'dumb-bell' fabric is common in nature. This 
girdle continues to contract and for axial flattening becomes an 
intense (512 times uniform for highest strain) point maximum at Z. 
This intensity contrasts sharply with the experiments of Tullis 
(1970) where point maxima were not as intense as girdles, and when 
point maxima developed strain was decidely inhomogeneous. These 
results can be explained by the considerations in Chapter 11.
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row 1 rows 2 and 3
eigenvectors of eigenvectors of
strain ellipsoid strain ellipsoid
X Y Z X Y Z
page i
column 1 elongation 3.23 .56 .56 7.06 .37 .37
column 2 3.24 .72 .43 7.08 .57 .25
page
column 1 3.24 .85 .36 7.13 .78 .18
column 2 plane strain 3.27 1.04 .29 7.19 1.07 .13
page j
column 1 2.76 1.24 .29 5.43 1.43 .13
column 2
A
2.33 1.47 .29 4.09 1.91 .13
page h
column 1 flattening 1.85 1.85 .29 2.79 2.79 .13
Rows 2 and 3 show different projections of the same fabric. 
Yield surface configuration is specified by the yield
1 / /\ /\ /S /N / 4 5 5 / A A A
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FIGURE 5.6
A summary of figure 5.5 is presented that shows c-axis 
fabrics varying from axially symmetric extension (1) to axially 
symmetric shortening (6). The fabric that develops for plane 
strain is shown in (4).
Principal stretches 
X Y Z
1 3.23 .56 .56
2 3.24 .72 .43
3 3.24 .85 .36
4 3.27 1.04 .29
5 2.33 1.44 .29
6 1.85 1.85 .29
FIGURE 5.6 127
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FIGURE 5.7
Shows for the configuration
1 / a a a a  / 4 5 5  / / s / s / s
a sequence of c-axis fabrics developed with increasing strain for 
column 1 axially symmetric shortening
column 2 plane strain
column 3 axially symmetric elongation
These fabrics come from the last four shaded dots in the strain 
diagrams in figure 5.4.
S refers to the plane normal to Z 
L refers to the strain axis X
Principal stretches
flattening plane strain elongation
X Y Z X Y Z X Y Z
row 1 1.23 1.23 0.66 1.48 1.01 0.66 1.48 .82 .82
row 2 1.51 1.51 0.44 2.20 1.03 0.44 2.19 .68 .68
row 3 1.85 1.85 0.29 3.27 1.04 0.29 3.23 .56 .56
row 4 2.28 2.28 .19 4.85 1.06 .20 4.78 .46 .46

129
FIGURE 5,8
This diagram shows inverse pole figures of strain axis 
concentrations with respect to crystallographic axes for some of 
the preceding deformations. Column 1 shows concentration of 
Z = 001, the axis of compression, and column 2 shows concentration 
of X = 100, the axis of extension. Row 1 shows axially symmetric 
shortening (010 = 100 in this case), row 2 plane strain, and row 3 
axially symmetric elongation.
Note the variation in the maxima intensities as the 
nature of the imposed deformation varies.
Principal stretches 
X Y Z
row 1 1.85 1.85 0.29
row 2 3.27 1.04 0.29
row 3 3.23 0.56 0.56
FIGURE 5.8 130
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FIGURE 5.9
The following set of c-axis fabrics shows in each column
a sequence of development of preferred orientation with increasing 
strain for the set of coaxial irrotational deformation paths. The 
fabric variation for high strain is summarized in figure 5.10. The 
deformation varies from:
(1) column 1, page 1 - axially symmetric elongation
(2) column 2, page 2 - plane strain
(note the development of a type I crossed-girdle 
fabric)
(3) column 1, page 4 - axially symmetric flattening
2 page 3 
1 page 4
row 1
Principal stretches 
row 2
1.33 1.14
1.23 1.23
.66
.66
1.76 1.29
1.51 1.51
.44
.44
row 3
X Y Z X Y Z X Y Z
1 page 1 1.48 .82 .82 2.19 .68 .68 3.23 .56 .56
2 page 1 1.48 .89 .76 2.19 .80 .57 3.24 .72 .43
1 page 2 1.48 .95 .71 2.19 .91 .50 3.25 .86 .36
2 page 2 1.48 1.01 . 66 2.20 1.03 .44 3.27 1.04 .29
1 page 3 1.40 1.07 . 66 1.97 1.15 .44 2.76 1.24 .29
2.33 1.47
1.85 1.85
.29
.29
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FIGURE 5.10
The same sequence of coaxial irrotational deformations is 
imposed on the second quartzite body examined. The deformation 
varies from:
(a) axially symmetric flattening (1) where a strong 
25° girdle of c-axes develops about Z
(b) plane strain (4) where the 25° girdle splits 
with a minimum intensity in the ZX plane and 
maximum in the YZ plane. There is a pole free 
area at Z and a weak YZ girdle developed (this 
is better seen at lower strains)
(c) axially symmetric elongation where two small 
circle girdles 75° - 85° about X develop, and 
a concentration near X forms (6).
The fabric developed for plane strain resembles type I crossed girdles 
(see chapter 6) for lower strains than in this diagram and is an 
important quartzite fabric.
The c-axis fabrics develop for a yield surface configuration 
specified by the yield values
1 / a . * * * / 2 2 2  / 2.05 2.05 2.05
Principal stretches
X Y Z
elongation 1 7.06 .37 .37
2 7.08 .57 .25
3 7.13 .78 .18
plane strain 4 7.19 1.07 .13
5 4,09 1.91 .13
flattening 6 2.79 2.79 .13
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Page (2) shows c-axis fabrics in column 1 and a-axis ({1010}) fabrics 
in column 2, Row 1 shows fabrics developed for flattening, row 2 for 
plane strain and row 3 for elongation.
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FIGURE 5.11
Shows inverse pole figures of strain axis concentrations 
for increasing plane strain. Strain increases column wise.
Row 1 shows concentration of the Z-axis 
Row 2 shows concentration of the Y axis 
Row 3 shows concentration of the X-axis
Principal stretches
X Y Z
Fig. 5.11 (1) column 1 1.48 1.01 .67
column 2 2.20 1.03 .44
Fig. 5.11 (2) column 1 3.27 1.04 .29
column 2 4.85 1.06 .20
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FIGURE 5.12
Five coaxial irrotational deformations imposed on 
quartzite mass 3 gave rise to the c-axis fabrics illustrated
(1) axial symmetric shortening
(3) plane strain
(5) axially symmetric extension
Note the diffuse 40° - 50° girdle developed for flattening. For 
plane strain crossed-girdles develop and X-axis concentrations. For 
elongation X-axis concentrations develop and a weak 75° girdle about 
X, and a marked Z Y pole free region. The yield surface configuration 
that operated is defined by the yield values
1 / 1  .6 2.2 / 1.5 2 2 / 1.55 2.05 2.02
Rows 1 and 2 show different strains and row 3 is a different 
projection of row 2.
Principal stretches
diagram X Y Z
flattening 1
2
plane strain 3 
4
elongation 5
2.16
2.87
4.39
4.34
4.33
2.16
1.62
1.02
0.66
0.48
0.21
0.21
0.22
0.35
0.48
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FIGURE 5.13
Shows for quartzite mass 3, sequences of c-axis fabrics 
developed with increasing strain. Three deformations are illustrated:
(1) page 1 - for axially symmetric shortening. Note that the pole
free region at Z expands until a weak girdle 40° - 50° about Z
is formed. This then increases in intensity.
(2) page 2 - column 1 - for plane strain.
(3) page 2 - column 2 - for axially symmetric extension.
Principal stretches
X Y Z
page 1 1 1.22 1.22 0.73
2 1.36 1.36 0.54
3 1.59 1.59 0.40
4 1.85 1.85 0.29
page 2 1 1.81 1.02 0.54
column 1 2 2.43 1.03 0.40
3 3.27 1.04 0.29
page 2 1 1.80 0.75 0.75
column 2 2 2.41 0.64 0.64
3 3.23 0.56 0.56
FIGURE 5.13(1 ) 145
. •» . • • • • • •. • >
• ..
FIGURE 5.13(2) 146
.. ::ir
147
FIGURE 5.14
Shows strain axis concentrations on inverse pole figures 
for Quartzite mass 3. Three deformations are illustrated. Column 1 
shows concentrations of Z-axis with respect to crystal axes, column 
2 concentration of X-axes.
Principal Stretches
X Y Z
row 1 - flattening 2.16 2.16 0.21
row 2 - plane strain 4.39 1.02 0.22
row 3 - extension 4.33 0.48 0.48
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FIGURE 5.15
Shows for quartzite mass 4 c-axis fabrics developed for 
6 of the 7 coaxial irrotational deformations imposed. The yield 
surface configuration is defined by the yield values
1 / a 1 . 5 1 . 5 1 . 5 / a 2 2 / a a a
Diagram (1) shows the fabric developed for flattening, with a maxima 
at Z, and a girdle 90° from Z near the foliation plane. As the 
deformation changes in character towards a plane strain (4), c-axis 
maxima develop at Y and a fabric resembling type II crossed-girdles 
fabrics develop (see chapter 6). For elongation (6) a cleft girdle 
of c-axes develops 70° - 80° about X.
Principal stretches
diagram X Y Z
flattening 1 1.85 1.85 0.29
2 2.33 1.47 0.29
3 2.76 1.24 0.29
plane strain 4 3.27 1.04 0.29
5 3.24 0.72 0.43
elongation 6 3.23 0.56 0.56
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FIGURE 5.16
Shows for quartzite mass 4 the c-axis fabrics that develop 
for the seven coaxial irrotational deformation paths. Fabrics 
developed at different strains are shown in rows 1 and 2, and row 3 
shows a different projection of row 2. Note the variation in fabric 
as described in figure 5.15 caption.
page 1 - column 1 - axially symmetric extension
page 2 - column 2 - plane strain
page 4 - column 1 - axially symmetric shortening
row 1 rows 2 and 3
principal stretches principal stretches
X Y Z X Y Z
page 1
column 1 elongation 3.23 .56 .56 7.06 .37 .37
column 2 3.24 .72 .43 7.08 .57 .25
page 2
column
column
1
2 plane strain
3.24
3.27
.85
1.04
.36
.29
7.13
7.19
.78
1.07
.18
.13
page 3
column 1 2.76 1.24 .29 5.43 1.43 .13
column 2 2.33 1.47 .29 4.09 1.91 .13
page 4
column 1 flattening 1.85 1.85 .29 2.79 2.79 .13
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The text which was suspended at page 119 resumes at this point. 
The main characteristics of the c-axis fabrics that have been simulated 
are described in Figure 5.17.
It will be noted that point maxima have developed on flattening 
if the ratio of critical yield stresses
(1) T. . , , . , ./T . , , , . , . is sufficiently high, and(-)rhomb<c+a>/ ( + )rhomb<c+a> 7 ^
(2) T, , u is sufficiently low.basal<a> ( + )rhomb<c+a>
Otherwise when ratios more closely approach unity 25° small circle 
girdles develop. Diffuse fabrics result when the yield stresses on 
prism <c> systems approximately equal those on basal <a> systems, and 
on flattening a broad diffuse girdle of c-axes develops 40° - 50°.
Fabrics simulated in Quartzite mass 1 and Quartzite mass 2 are 
commonly found in nature. Hara (1970) reports a sequence of fabrics 
developed with different types of strain which is exactly that 
simulated for quartzite mass 2. On plane strain in this quartzite body 
a fabric is developed that resembles a type I crossed girdle. Plane 
strain in quartzite mass 4 results in a fabric bearing some resemblance 
to a type II crossed girdle. These aspects are discussed in detail in 
Chapter 6.
The following conclusions are drawn concerning the simulated 
fabrics:
(1) intensities are greater than in natural fabrics presumably 
because strains in natural rocks do not reach the high values of some 
of the simulations, and because the assumptions of the Taylor-Bishop- 
Hill model, in particular that of homogeneous strain, are no more than
approximations to the real situation.
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(2) The elements of the patterns, such as maxima, and girdle 
concentrations tend to form rapidly and then to increase in intensity 
with increasing strain. They do not migrate with increasing strain 
{of. experimental work of Tullis, 1970). Quartzite mass 4 for 
flattening evidenced an expanding pole free area then an increase in 
intensity of the girdle concentration however.
(3) The type of fabric that develops is profoundly influenced by 
deformation path, and changes continuously in nature as the deformation 
path changes character.
5.5.3 Properties of the Fabrics Computed for 
Non-Coaxial Deformation Paths Involving Vorticity
Fabrics that developed during deformations involving vorticity 
are illustrated in the following figures. These deformations involved 
constant gradients.
Figure 5.19 pages 1 to 3 shows deformations described as E-W simple 
shear with N-S extension (parallel to the neutral axis of the shear). The 
deformation gradient can be separated into these two components and five 
deformation paths have been imposed with different ratios of these compon­
ents in the gradient. The yield surface configuration for these 
deformations is as for the first quartzite mass. The second part of the 
figure considers the second quartzite mass. For a deformation of the same 
type as above (page 3) a c-axis fabric develops that bears a strong 
resemblance to one measured by Wilson (1970) from quartz-prylonite in the 
Mount Isa Fault. A strain diagram for the first five deformations is 
developed in figure 5.18.
FIGURE 5.18
Five deformation paths are imposed on quartzite mass 1 that 
can be described as E-W simple shear with an attendant extension 
parallel to the N-S neutral axis of the simple shear. The deformation 
gradient can be separated into components
1+A 0
0 l-A/2
0 0
For the five deformations
0
3
l-A/2
0.20 E-W simple shear
0.20
0.20
stretches equivalent to 
to a N-S plane strain
(1) A = 0.00
(2) A 0.05
(3) A 0.10
(4) A 0.10
(5) A 0.10
so the deformations vary in character from pure simple shear to 
deformations in which extension in the neutral axis of the simple shear
produce stretches that could be produced by a N-S plane strain.
The diagram shows these deformation paths on a plane normal 
(1, 1, 1) in a Cartesian space defined by vectors whose components are 
the logarithms of the lengths of the axes of a unit-volume finite strain 
ellipsoid. The axes of this space are projected onto the figure. Refer 
to figure 5.4. Larger dots are deformations for which fabrics have been
illustrated.
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FIGURE
Five non-coaxial deformation paths. Basis vectors have components
that are logarithms of the lengths of the axes of a unit volume
strain ellipsoid.
axis C
Basis vector 1 
(k,-h,0) plane strain
axis A = X or Y 
N-S elongation axis B = Y or X
E-W elongation
Basis vector 2
f1attening
N-S plane strain
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FIGURE 5.19
This figure shows c-axis fabrics resulting when non­
coaxial deformation paths involving vorticity are imposed on the yield 
surface configurations for quartzite mass one
1/ /^/s/s/\/4S5//\/%/\
and for quartzite mass two
1 / ^ ^  1 2 2 2 / 2.05 2.05 2.05
Each column of the figure shows a separate deformation.
The development of the fabric is shown with increasing strain. 
defines the plane of simple shear (see figure 5.18) and S9 the grain- 
shape foliation normal to Z. Strain axes are labelled.
Pages 1 and 2 and column 1 page 3 refer in order to the 
five deformation paths labelled 1-5 in figure 5.19. The yeild 
surface configuration is as for quartzite mass one. Note the 
progressive changes in fabric in columns 1 to 5.
161a
Deformation Principal stretches Deviation of Z
from vertical
X Y Z
row 1 1.77 1.00 .57 29.5°
row 2 2.25 1.00 .45 24.0°
row 3 2.76 1.00 .36 19.9°
row 1 1.54 1.35 .48 29.2°
row 2 1.83 1.56 .35 23.7°
row 3 2.09 1.81 .26 19.6°
row 1 1.80 1.35 .41 28.9°
row 2 2.41 1.50 .28 23.3°
row 3 2.93 1.60 .19 19.2°
row 1 1.80 1.18 .47 32.3°
row 2 2.41 1.25 .33 27.3°
row 3 3.23 1.29 .24 23.3°
row 1 1.80 1.02 .55 36.2°
row 2 2.41 1.02 .41 32.3°
row 3 3.23 1.01 .31 28.9°
161b
The c-axis fabrics in the second half of the figure (columns 6,7 
and 8) result from non-coaxial deformation paths imposed on the 
second quartzite mass. Nine increments of the deformation:
1.10 0 0
column 6 F = 0 0.95 0.20
0 0 0.95
1.05 0 0
column 7 F = 0 1.05 0
0.20 0 0.90
1.10 0 0
column 8 F = 0 1.00 0
0.20 0 0.90
were imposed, and the fabric sequence as shown resulted.
The fabric in column 6, produced by a deformation similar to rolling 
of a dough, bears a strong resemblance to a fabric measured by Wilson 
(1970) in quartz mylonite in the Mount Isa Fault.
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The fabrics that have been described in the preceding pages 
have monoclinic symmetry and it will be noted that maxima tend to 
split, and become asymmetric. A deformation that may be extremely 
common in the geological environment is described by a simple shear 
with an attendant extension in a direction parallel to the shear plane 
but normal to the shear direction (e.g. Weiss, 1954). A similar 
deformation is involved in the rolling of a dough. This deformation 
has induced strong asymmetry into simulated patterns of preferred 
orientation. In quartzite mass 1 tailed maximum fabrics are simulated, 
and in quartzite mass 2 a fabric is simulated that bears a strong 
resemblance to a fabric reported by Wilson (1973) from the Mount Isa 
shear.
Some simulations were performed for quartzite mass 1 using 
deformation paths of constant gradient. These were done too late for 
their inclusion in the thesis. They are notable for the fact that 
the c-axis maximum remains normal to the plane of flattening although 
tails do result.
5.6 THE INFLUENCE OF DEFORMATION CONDITIONS ON CRITICAL 
RESOLVED SHEAR STRESS VALUES FOR YIELD
Yield stress values on dislocation glide mechanisms are 
determined by a complex interplay of factors that is not yet understood. 
However some of these factors should be mentioned, although it is 
beyond the scope of the thesis to demonstrate the dependence.
The imposed stress regime activates mechanisms according to 
their ability to dissipate energy under the existing deformational 
environment. The yield values are determined by a combination of 
crystallographic structural controls, and interaction with the point- 
defect and dislocation substructures existing in each grain. The
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configuration of the point-defect and the dislocation substructure 
depends directly on the deformational history and gives rise to the 
phenomena of work hardening of active systems and latent hardening of 
inactive systems.
Different rates of work hardening of active systems compared 
with rates of latent hardening of inactive systems might result in the 
deactivation of a particular mechanism in favour of activation of 
another mechanism because of an inability to continue dissipating 
energy at the required rate under the existing stress levels. For 
example, this effect might cause deactivation of basal slip toward the 
end of a deformation of a quartzite mass in favour of activation of 
prism <c> slip. In the geological environment two broad categories of 
fabric are defined by c-axes near normal or at a low angle to a grain- 
shape foliation. As will be shown later such fabrics could result 
from the progression of activated mechanisms in the example just 
described.
There are a number of controls on yield stresses determined by 
the crystallographic structure.
The non-core energy of a dislocation arises from the elastic 
distortion in the surrounding crystal structure and thus depends on
(1) the length of the Burgers vector and d-spacing of glide 
plane,
(2) the elastic properties of the material, as determined 
by bond strength characteristics and as reflected in 
the elastic moduli.
The core energy of a dislocation relates amongst other variables to 
the electronic bond structure in the dislocation core. This structure 
will be drastically affected for example by the presence of OH radicals 
in the core of dislocations in quartz as envisaged by Griggs (1974).
These crystallographic structure dependent variables together with the
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atomic mechanism by which dislocations glide, i.e. the sequence of
bending bonds, breaking bonds etc, are important in determining the
Peierls stress for the dislocation.
Temperature plays an important role in these considerations.
Not only do atomic spacings and bond strengths vary but the rate at
which diffusion processes take place can be dramatically affected.
This may be of fundamental importance in particular for quartz where
the rate of diffusion of OH radicals to the core of the dislocation
may be the rate determining step for migration (Griggs and Blacic,
1965; Griggs, 1967; Blacic, 1971). Griggs (1974) writes that
"slip in the hydrolytically weakened state occurs by 
dislocation kink propagation as adjacent Si-O-Si 
bridges are hydrolyzed, permitting dislocation motion 
by hydrogen bond exchange ... Peierls stress must be 
very low when neighbouring Si-O-Si bridges are 
hydrolyzed."
This is the Frank-Griggs mechanism (e.g. Griggs, 1967). Rate of strain 
plays an important role also in determining the effect of diffusion 
processes.
The configurations of the point defect and dislocation sub­
structures are also important in determining yield stresses. The 
defect substructure interacts with migrating dislocations in many ways. 
Impurity atoms may pin dislocations in some metals. In quartz OH 
radicals may allow migration of dislocations as noted. The dislocation 
substructure may interact for example through dislocation pile ups that 
lead to work hardening of active systems and latent hardening of 
inactive systems. Long range elastic disorder exists in the crystal 
lattice around the dislocation core. Before a net resolved shear 
stress can act on the dislocation 'line' this effective 'back stress' 
must be overcome. As dislocation density increases the resultant 
work hardening is observed.
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In some materials yield occurs when dislocations are mobilized 
away from pinning impurity atom clouds. In other materials for example 
germanium and quartz the yield stress is determined by the number and 
line length of mobile dislocations and their average rate of migration. 
Griggs (1974) has set forward a microdynamical theory of strength for 
quartz based on the theory of Alexander and Haasen (1968). In this 
model as the number of dislocations increases eventually there is 
insufficient OH available for the dislocation density. These water 
exhaustion effects are postulated to explain the rapid rate of work 
hardening observed in deformation of quartz single crystals (Hobbs 
et al.3 1972, Paterson pers. comm, to D.T. Griggs, 1973).
Although no firm evidence exists for such a phenomenon, if OH 
diffused preferentially to particular types of dislocation cores then 
the different diffusion rates could lead to yield stresses on the 
dislocation glide system that depended on OH content. If OH content 
was high, less variation in magnitude of the critical yield values 
might be expected whereas, if OH content was low, yield values would be 
high unless considering a glide system to which OH preferentially 
migrated.
It is postulated that less variation occurs between critical 
yield stresses in a quartzite mass deforming under any of the following 
conditions:
(1) high temperature,
(2) low strain rate, and
(3) high OH content.
It is not clear as to the relative importance of
(1) crystallographic structure controlled factors, e.g.
Peierls stress, or
(2) interaction with the dislocation substructure
in determining critical yield stresses on dislocation glide systems.
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5.7 DISCUSSION
Geologists have long been aware that deformed and metamorphosed 
quartzite masses in tectonic belts commonly exhibit marked patterns of 
preferred crystallographic orientation. Using a gypsum plate, Trener 
(1906) measured a concentration normal to the foliation plane and soon 
after Sander (1911) measured a concentration in the foliation plane. 
Since that time the universal stage and polarizing microscopes have 
been developed and a large number of quartzite c-axis fabrics have 
been documented.
It is clear that:
(1) there exist basically different patterns of preferred 
crystallographic orientation (one of the major 
variations lies in whether c-axes are near normal to 
the grain shape foliation, or at a low angle to it),
(2) these patterns persistently recur throughout the same 
rock mass, and in similar geological environments in 
other rock masses.
Quartz fabric types have been catalogued by various workers (e.g. 
Fairbairn, 1949; Hietanen, 1938 and Sahama, 1936) but, although these 
classifications express the major variation in developed fabrics in 
natural quartzites, their value is detracted from because
(1) no consideration is made of the strain environment in which 
each pattern occurs, and
(2) generalization as to end point fabrics in the classification 
necessarily has genetic connotations. The present work shows that 
patterns are not necessarily defined by complete girdles or 
characterized by the presence of a maximum. A pattern must be 
described as an entity and the relations between its component elements, 
the shape of maxima and the total pattern of intensity variation are 
integral parts of this description.
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Few patterns of preferred crystallographic orientation produced 
in natural deformations have been correlated with the strain undergone 
by the rock mass, let alone with the complexities of the strain 
history. In most cases it is not possible to set up a demonstrable 
relationship given s-planes and lineations with the axes of the finite 
strain ellipsoid. Symmetry arguments may aid in this regard; for 
example, if the fabric has orthorhombic symmetry, the problem is 
merely one of labelling not of location. Often given s-planes are 
structural elements other than the plane of flattening, and, in any 
case, this may not be discernible because of recrystallization.
The nature of the total strain can be correlated with the 
developed fabric in experimental deformations (e.g. Tullis, 1970, 1973) 
but except for some accidentally orthorhombic deformations (e.g.
Green, 1970) these are axially symmetric flattenings. These experimental 
results are important to later chapters. It is also possible to 
determine some characteristics of the total strain to which a rock mass 
has been subjected in nature, given favourable circumstances (e.g. Hara, 
1971, 1973; Sylvester and Christie, 1968; Weiss, 1954). The 
progression of fabrics recognized by Hara (1970) have been simulated in 
the sequence of coaxial irrotational deformations imposed on the second 
of the quartzite bodies studied in this chapter. There is direct 
agreement between the strain types Hara postulated and those used for 
simulation.
However it should be noted that sequences of fabrics that are 
recognized in a geological body should not purport to describe anything 
more than the effects on the enveloping surface to a set of perhaps 
widely differing deformation paths.
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In the geological environment there is an enormous potential 
for deformation along complex paths. This strain history may be 
undecipherably complex given the available means at our disposal so in 
view of the sparsity of geological information the simulation studies 
described in this chapter are useful in determining, or at least 
suggesting, the effect of the deformation path on the development of 
preferred orientation in plastically deforming quartzite masses.
The other aspect of the deformational history that affects 
fabric development has been argued to be the overall deformation 
conditions. In view of the arguments presented (§5.6) the first three 
of the quartzite masses examined in this chapter are considered to 
represent deformation under different conditions, these conditions 
reflecting a sequence of:
(1) increasing temperatures, or
(2) decreasing strain rates, or
(3) increasing OH contents.
It is argued in Chapter 9 that prism <c> glide becomes easier 
during such a sequence.
CONCLUSION
Deformation history exerts a profound influence on fabric 
development.
Firstly it is argued that overall deformation conditions 
determine the critical yield stresses on the set of deformation 
mechanisms. These are determined by factors dependent on the 
crystallographic structure, and by interaction of migrating dislocations 
with the existing defect substructure (e.g. as defined by dislocations,
and OH radicals). It is considered that there will be a smaller range
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of variation in magnitudes of critical yield stress values if deforma­
tion takes place under conditions involving:
(1) higher temperatures,
(2) lower strain rates, or
(3) higher OH content of the quartzite.
Four hypothetical quartzite masses are examined in this chapter. 
Deformation conditions on these masses are postulated to be sufficiently 
different so as to cause different yield surface configurations to be 
relevant. Quartzite mass 1 is thought to represent high strain rate, 
low temperature conditions and Quartzite mass 3 low strain rate, 
higher temperatures. Quartzite mass 2 represents intermediate 
conditions. Fabrics simulated in this mass for a variety of coaxial 
irrotational deformation paths have been recognized by Hara (1970).
Simulations of the effect of deformation path on fabric are 
useful because of the sparsity of geological information. However 
it should be noted that intensities are greater than in natural 
fabrics, presumably as the result of the homogeneous strain assumption 
implicit in the Taylor-Bishop-Hill analysis.
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APPENDIX
FINITE STRAIN TENSORS
The tensor
TC = F F
is termed the Green deformation tensor. Its eigenvectors describe 
the material directions that become the principal strain axes after 
deformation. The eigenvalues are the squares of the stretches 
involved in the deformation.
The equation of a sphere in the undeformed state is represented 
by an equation
dX . dX = i
so that given the deformation
FX = x
so that F dX = dx
the equation
dx (F ) (F ) dx = 1
describes the spatial finite strain ellipsoid. The tensor
-1 -1 T -1 (F V ( F  X)
, T x -1(FF ) (V )2V -1
is the Cauchy deformation tensor, and the significance of the
transformation „ T -1 „dx B dx
has already (§5.4.3) been seen to describe the reciprocal strain 
ellipsoid in terms of the initial lengths of elements dx in the deformed 
state. The tensor c is a spatial description of the reciprocal strain
After Malvern (1969)
B 1 = c introduced by Cauchy in 1827 
C used by Green in 1841
B = c introduced by Finger in 1894
Truesdell and Noll (1965) term 
C righ Cauchy-Green tensor
B left Cauchy-Green tensor
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ellipsoid. The eigenvalues are the reciprocal squares of the stretches 
involved with deformation.
Thus if elements dx were considered
dx . dx = 1
that defined a sphere in the deformed state, the reciprocal stretches
Tdefine an ellipsoid of material that after rotation R describes a shape 
that would deform into a sphere. It is clear that the transformation
-1 TB = c = FF
describes the shape to which a sphere in the undeformed state will be 
transformed, i.e. the spatial finite strain ellipsoid.
Because F can be expressed
F = RU
then it is clear that
T T T T 2C = F F  = U R R U  = U U  = U
so that the transformation
T TdX F F dX
describes the material strain ellipsoid. This is related to the
spatial strain ellipsoid by the rotation R.
TThe tensor B = FF is called the Finger deformation tensor.
Its eigenvectors are the spatial axes of the strain ellipsoid, and its 
eigenvalues are the squares of the stretches. It can be seen that
B V2
That B represents a spatial description of the strain ellipsoid can 
also be shown by considering that the two tensors are related by a 
similarity transform
because
TB = RCR
T T T T 2RCR = RR V VRR = V = B
so that B refers to spatial coordinates.
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The Finger tensor is used exclusively in this work as its reference to 
spatial coordinates means that the actual positions of the eigenvectors 
can be readily calculated, with associated eigenvalues.
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6.1 INTRODUCTION
Plastic deformation of a monomineralic mass can lead to the 
development of a strong pattern of preferred orientation amongst its 
crystalline grains. As discussed in Chapters 3 and 5, according to the 
Taylor-Bishop-Hill analysis this pattern has characteristics that 
depend on:
(1) the mechanisms, and the combinations of mechanisms 
activated to accommodate the imposed deformation 
(these are determined by the yield surface 
configuration), and
(2) the path by which the deformation was achieved.
In Chapter 5 some variations in fabrics have been discussed that result 
from different deformation paths imposed on particular yield surface 
configurations. In Chapter 9 fabrics will be described that result 
from plane strain deformations (usually) imposed on a selection of the 
many yield surface configurations examined during this project.
These fabric simulations, with rare exceptions involve relatively 
simple deformational histories, i.e.
(1) a constant yield surface configuration, and
(2) a constant deformation gradient
and they do not lead to exact replication of the characteristics of 
three types of preferred crystallographic orientation found most commonly 
in naturally deformed quartzite masses, i.e. the various tailed-maximum 
and crossed-girdle c-axis fabrics.
A peculiar problem thus arises. The widespread occurrence of 
crossed-girdle and tailed-maximum fabrics in different geological 
environments would suggest that they form under a broad range of physical 
conditions. Alternatively if they form under a narrow range of 
conditions, then these conditions must occur commonly in the above 
environments. Because crossed-girdle and tailed-maximum patterns
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could not be simulated using simple deformational histories, the 
possibility that they originate during complex deformations is considered 
in this chapter. A two-stage deformational history is postulated that 
allows accurate simulation of crossed-girdle fabrics, but before this 
hypothesis can be accepted, even in principle, it must be argued that 
this deformational history occurs commonly in the geological environment.
6.2 CROSSED-GIRDLE AND TAILED-MAXIMUM c-AXIS FABRICS
A description of various types of crossed-girdle and tailed- 
maximum fabrics follows. The fabrics are oriented in the given 
relationship to the axes X,Y,Z of the spatial finite strain ellipsoid 
on the basis of evidence offered by Hara et al. (1973), Sylvester and 
Christie (1968) and Weiss (1954). The fabrics are:
(1) Crossed small circle girdles of c-ax.es: two maxima in the YZ
plane joined by a partial girdle across Y, and two partial small circle 
girdles enclosing Z inclined symmetrically to the YZ plane crossing in 
these maxima, Maxima vary 0° - 60° from Y, girdles 30° - 50° from Z 
(Figures 6.1, 6.2, 6.5). Maxima are commonly triangular in shape, 
e.g. Bell, 1973; Christie, 1960, 1963; Green et al., 1970; Hara and 
Paulitsch, 1971; Hara et al., 1973; Hietanen, 1938; Hobbs, 1966; Kvale, 
1945; Marjoribanks, 1974; Raheim, 1968; Ramsauer, 1941; Sander, 1930, 
1934, 1950; Theodore, 1966; Wilson, 1970, 1973; yar Khan, 1973. These 
are type I crossed-girdle fabrics.
The axes of the strain ellipsoid are 
X •= £ 3  = axis of extension 
Y = £ 2 = axis of intermediate strain 
Z = £ 1 = axis of shortening.
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(2) Crossed great circle girdles of c-axes; girdles symmetrically 
disposed about YZ plane 30° - 50° from Z, intersecting in Y axis where 
a maximum occurs. Other maxima are developed in the girdles (Figures 
6.3, 6.4, 6.6, 6.7, 6.8), e.g. Balk, 1952; Christie, 1960, 1963; 
Fairbairn, 1949; Hietanen, 1938; Phillips, 1937, 1945; Ransom, 1969; 
Sahama, 1936; Sander, 1911, 1930, 1934, 1950; Shelley, 1971; Sylvester 
and Christie, 1968; Weiss, 1954; Weiss et al., 1955; Wenk, 1965, 1973. 
These are type II crossed-girdle fabrics.
(3) A tailed maximum of c-axes: a partial or complete girdle of
c-axes normal to X, and a maximum 30° - 80° from Z in this plane.
The fabrics have monoclinic symmetry, and intensities commonly tail 
asymmetrically from the maximum. The maximum may tail toward Z (e.g. 
Hobbs, 1966) or across the Y axis (e.g. Weiss, 1954). The girdle may 
be a tight girdle of c-axes 90° from X, or a cleft girdle of c-axes 
defined by a small circle distribution 75° - 85° about X (both types 
are documented in Weiss, 1954, Figure 6.9). Other examples can be 
found, e.g. Balk, 1952; Ball, 1960; Christie, 1960, 1963; Funk, 1974; 
Hara and Paulitsch, 1971; Hobbs, 1966; Price, 1974; Weiss, 1954.
This chapter will concern crossed-girdle fabrics in particular.
Crossed-girdle fabrics are reported from many types of 
geological environments, notably:
(1) granulites (e.g. Raheim, 1968; Sahama, 1936; Sander,
1930, 1950),
(2) thrust zones, or in the vicinity of thrust zones in
regional metamorphic terrains
- Moine thrust (e.g. Christie, 1960, 1963; Weiss 
et al., 1955),
- Bergell Alps (Wenk, 1965),
- Mount Isa Shear (Wilson, 1970, 1973),
- Flinders Ranges (Bell, 1973),
- Arltunga Nappe (Marjoribanks, 1974; yar Khan, 1973),
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FIGURE 6.1
Type I crossed-girdle c-axis fabrics measured by Hara et al. (1973) from 
narrow plastic shear zones in the Teshima granite. The deformation 
is approximated by simple shear. Contours increase at 1% levels at 
least till 8%. Note variation in completeness of girdles. Diagrams 
labelled to correspond with Hara et
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FIGURE 6.2
Type I and type II crossed-girdle fabrics measured by Christie (1963) 
from the Moine thrust in the Assynt region. Contours (except Dl) are 
l%-3%-5%-7% per 1% area and S and L represent foliation and lineation 
in the mylonite. Dl, D2, D3 represent type I fabrics and D4, D6 
represent type II fabrics. D5 shows a stronger component of flattening 
in the fabrics and comes from a quartz vein cutting mylonite. The 
fabric portrayed in D6 has been analysed in detail by Baker and Wenk 
(1972) (see Figure 6.4) and is found in a quartz schist, termed a 
primary mylonite by Christie.
FIGURE 6.3
Type II crossed-girdle fabrics from the Moine thrust in the Assynt 
region measured by Christie (1963). DIO and Dll come from the fold 
limbs of the fold D12.
FIGURE 6.4
(after Baker and Wenk, 1972)
Detailed analysis of the fabric of a primary mylonitic rock from the 
Moine thrust (Christie, 1963) with a developed asymmetric type II 
girdle. Diagrams a,b,c show inverse pole figures of specimen axis 
concentrations (b parallels lineation). Diagram d shows the c-axis 
pole figure. Diagram e shows the symmetry of the orientation 
distribution function for monoclinic (2/m) specimen and trigonal (3m) 
crystal. The unit cell is dashed. Diagram f is a block diagram of 
the orientation distribution figure for the fabric. 3/8 of the unit 
cell is shown. Orientation density given as multiples of density of
uniform (not random - see text) distribution.
FIGURE 6 .2 1 8 5
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FIGURE 6.5
Type I crossed girdle fabrics, and possible end point fabrics of 
the deformation path postulated in the text. Fabrics developed 
in harnisch-mylonite in the Melibokus Granite, Odenwald, Germany, 
measured by Sander (1950). Diagrams labelled as in Sander's book. 
Lineation defined by small biotites and hornblendes is horizontal 
E-W and a very clear elongation of quartz grains is observed in the 
vertical direction parallel to the c-axis maximum. D24 is a fabric 
developed in the granite but in a recrystallized region.
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FIGURE 6.6
Quartzite c-axis fabrics measured in the Saxony granulites (Sander, 
1950). Diagrams are labelled after Sander. Type II crossed-girdles 
are shown in D30 and D32. D29 shows a type I crossed-girdle fabric
that resembles that simulated in quartzite mass 2 with constant 
deformation path. D33 and D36 show fabrics that if simulated would 
have resulted from deformations involving a strong component of 
flattening. These fabrics would be simulated using the same deforma- 
tional history postulated for the origin of the crossed-girdle fabrics. 
D35 shows a fabric that could be simulated if a mechanism change 
occurred but no variation in direction of the deformation path.
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FIGURE 6 . 6
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FIGURE 6.7
Type II crossed-girdle fabrics from the Harkless Quartzite (Sylvester 
and Christie, 1968) showing a progressive development of girdles then 
contraction to intense Y-axis maxima. These maxima reach 40% per 1% 
area, which is much higher than can be attained in plane strain 
simulation with constant yield surface configuration.
19.1a
FIGURE 6.8 - p.191b
Describes type II crossed-girdle c-axis fabrics measured by Weiss (1954) 
(diagrams 45,46,47,48, labelled as by Weiss) from the central slab of 
quartzite in a flattened recumbent fold defined by a marble-quartzite 
complex in the Mojave desert. The last row described type II crossed- 
girdle fabrics measured by Weiss et al. (1955) from quartzites on the
hill of Ord Ban, mid-Strathspey, Scotland. Note the Y-axis maxima, 
and the near Z concentrations of diagram 47. Note the triclinic 
symmetry in 48. Diagram 45 has a weakly defined foliation.
FIGURE 6.9 - p .191c
Describes tailed-maximum c-axis fabrics measured by Weiss (1954) from 
the same marble-quartzite complex as above. The fabrics come from 
quartzite lenticles in the marble. These bodies have suffered extensive 
elongation during deformation. Note the variation in fabric as
described in text.
FIGURE 6.8 191b
191c
FIGURE 6.9 Tailed-Maximum Fabrics
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(3) quartzites deformed over granitic batholiths (e.g.
Sylvester and Christie, 1968),
(4) narrow plastic shear zones in granite (Hara et at., 1973),
(5) mylonite zones in batholiths (e.g. Sander, 1950;
Theodore, 1966), and
(6) multiply deformed terrains such as the Finnish quartzites
(Hietanen, 1938).
6.3 THE ORIGIN OF CROSSED-GIRDLE FABRICS 
- PREVIOUS WORK
Various authors have considered the origin of crossed-girdle 
fabrics to relate to two independent deformations. Phillips (1945) 
postulated overprinting on an original fabric and notes further 
"disintegration" of patterns. However other authors argue that the 
pattern is distinctive and that it may develop in one deformational 
epoch (e.g. Christie, 1963; Fairbairn, 1949; Green et at., 1970;
Sander, 1930, 1934, 1950; Sylvester and Christie, 1968; Turner, 1948; 
Turner and Weiss, 1963; Weiss, 1958a). Christie (1963) considers the 
pattern as resulting from the orthorhombic imprint of a late stage 
deformation.
The differences between these viewpoints stem primarily from the 
fact that two independent deformations have probably subjected any 
particular rock mass to:
(1) variable deformation conditions, and
(2) a deformation path with a non-constant gradient.
Simple deformations might be envisaged as taking place under 
constant conditions and with a constant gradient. Some deformations in 
which crossed-girdle fabrics have developed are relatively uncomplicated 
(e.g. Green et at., 1970; Hara et at., 1973; Sylvester and Christie, 
1968) and crossed-girdle fabrics develop during deformations causing
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shape changes approximated as plane strains. However there is no 
evidence that the deformational history in any of the above examples 
involved constant deformation conditions or a deformation path of 
constant gradient. It is argued (§6.2.2) that the fabrics developed may 
have resulted from deformational histories not inconsistent with the 
origin postulated for crossed-girdle fabrics in this chapter.
Experimental demonstration of equivalence between effects of 
increasing temperature and effects of decreasing strain rate on fabric 
development in quartzites (Tullis, 1970), and the reported occurrences 
of crossed-girdle fabrics in granulites, and in or near granites (§6.2) 
suggest an origin involving deformation under conditions of higher 
temperature, or of lower strain rates.
Crossed-girdle fabrics are commonly associated in the same region 
with tailed-maximum fabrics (e.g. Christie, 1963; Funk, 1974; Hobbs, 
1966; Marjoribanks, 1974; Weiss, 1954). Because of this close associa­
tion, the origin of crossed-girdle and tailed maximum fabrics may 
relate to similar overall deformation conditions but to different 
strain histories (this does not preclude activation of different sets 
of mechanisms to form the different fabrics). This will be discussed 
later in the chapter (§6.5).
Type II crossed girdles are often asymmetric (e.g. Christie,
1963, Figure 6.3; Wenk, 1965) with one girdle weakly developed, and 
asymmetric distribution of maxima in the remaining girdle. A strong 
resemblance to tailed maximum fabrics is thus maintained. As the 
foliation orientation may not be clearly delineated (e.g. Balk, 1952) 
the two fabric patterns may not always be readily classified. The 
asymmetry presumably reflects the symmetry of a complex deformation
path (see Paterson and Weiss, 1961).
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Fabrics with orthorhombic symmetry are also developed (e.g. Weiss
et al. , 1955, Figure 6.8; Sylvester and Christie, 1968, Figure 6 .7 ;
Wenk, 1965). This again presumably reflects the symmetry of the 
deformation path, and leads to the conclusion that these fabrics can be 
produced by coaxial irrotational deformations such as plane strain. 
However a deformation path with non-constant gradient can still 
produce such a fabric symmetry.
Because crossed-girdle fabrics with orthorhombic symmetry are 
documented, symmetry arguments (Paterson and Weiss, 1961) allow 
considerable restraint to be imposed on the types of deformational 
history that can be postulated for their origin. This is an important 
consideration in this chapter.
6.4 SIMULATION OF CROSSED-GIRDLE FABRICS
6,4.1 Simple Deformational Histories
This thesis has attempted to describe some of the patterns of 
preferred orientation that might develop in plastically deforming 
quartzite masses if:
(1) the Taylor-Bishop-Hill analysis is relevant, and
(2) if a chosen set of deformation mechanisms is 
appropriate (Chapters 5 and 9).
As mentioned (§6.1) this involves studies of the effects of different 
deformation paths on particular yield surface configurations (Chapter 5) 
and of the effects of the same deformation path (usually plane strain) 
on many yield surface configurations (Chapter 9).
Fabrics resulting from operation of combinations of the following 
dislocation glide systems have been studied in detail (Chapter 9),
The list is tabled in Figure 6.10.
FIGURE 6.10
Dislocation glide systems considered in detail.
(1) basal {oool} <a>
(2) prism (m = {loio}) <c>
prism <a>
prism <c+a>
prism <-c-a>
(3) (+)rhomb (r = {loio} <a>
( + )rhomb <c+a>
(+)rhomb Afd10V
(4) (-)rhomb (z = {oill}) <a>
(-)rhomb <c+a>
(-)rhomb <-c-a>
Other dislocation glide systems considered
(5) trigonal dipyramids 
{2112} <c-a^>
{2IT2} <-c+a^>
(6) steep trigonal dipyramids
{2111} <c+a^>2
{2111} <-c-a^>2
(7) steep trigonal dipyramids
{2111} <c+a3>
{2H 1} <-o-a3>
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Some plane strain deformations involving these mechanisms 
resulted in fabrics that had some characteristics of crossed-girdle 
fabrics. These will now be discussed briefly. The critical yield
stresses for activation of these mechanisms that need to be specified 
are listed as a vector of 11 elements corresponding to the list above.
Few simulated fabrics had concentrations of c-axes near the Y- 
axis, although this is an important feature of crossed-girdle fabrics. 
Allowing basal <a> and prism <c> dislocation glide to operate 
simultaneously often results in such a phenomenon but strong 
concentrations of c-axes near the X-axis also result. The yield 
configuration determined by the set of critical yields1
1.0 / /s  ^  ^ . 2.0 2.0/  ^ 2.02 2.02
gives rise to such concentrations during plane strain but it does not 
allow rhomb <a> glide. This is argued in Chapter 9 to be unrealistic 
because a is a much shorter Burgers vector than (c+a)
Using these mechanisms, only two other configurations were 
located that allowed simulation of patterns resembling either type of 
crossed-girdle pattern. These configurations have been described in 
detail in Chapter 5. They are defined by the yield stresses:
(1) 1.0 / /s /s  ^ V  2.0 2.0 2.0 / 2.05 2.05 2.05
The symbol  ^ is used to indicate that the critical yield value on 
that mechanism is sufficiently great to prevent its operation during 
deformation.
Also the difference in yield stresses 2.0, 2.02 should be explained. 
If T ^ r h o m b  drops below 2.00 a mirror transformation occurs in the 
inverse pole figure (not that the figure is greatly asymmetric). If 
T ^ ^ rhomb = 2.00 a high degree of slip activity vector degeneracy 
results. This value can increase till about 2.18 before' a different 
yield surface configuration results.
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This resembles type I crossed-girdles except that maxima are 60° away 
from the foliation plane compared with an average 30° - 50° in natural 
fabrics and the angle between the crossed small circle girdles is 30° 
compared with a naturally occurring 40° (e.g. as in Hara et at., 1973). 
The simulated fabric does however resemble closely fabrics illustrated 
by Sander (1950) from the Raintal quartzite (Ramsauer, 1941) or certain 
fabrics described by Marjoribanks (1974) or Christie (1963). This 
fabric is illustrated (Figure 6.11) and in Chapter 5 this yield surface 
configuration is assumed to operate in the second of the quartzite 
bodies considered.
(2) 1.0 / „ 1.5 1.5 1.5 / 2.0 2.0 2.0 / ^
This resembles type II crossed-girdle fabrics but similarity with 
natural fabrics is slight as Y-axis intensity is too low in comparison 
with too great a concentration of c-axes occurring near the Z-axis 
(Figure 6.11). This yield surface configuration is assumed to operate 
in the fourth of the quartzite masses considered to operate in Chapter 
5. It will be noted that in the vicinity of the Y-axis the 
concentration of c-axes defines a sharp cross.
In Chapter 9 it becomes clear that many fabrics develop (due to 
prism <a> or rhomb <a> glide) in which c-axes fall into a pattern of 
crossed great-circle girdles, intersecting in the Y-axis. c-Axis 
concentrations near the Y-axis are minimal, and concentrations of 
c-axes tend to form closer to the XZ plane (e.g. Figure 6.11).
However at this point note that the deformational history postulated 
in the next section, or variations on the same theme, allow 
crossed-girdles to develop even with these configurations.
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FIGURE 6.11
Shows some c-axis fabric that have resulted from plane strain with 
various yield surface configurations. These simple deformational 
histories have produced fabrics with important characteristics. In all 
cases principal stretches are
X = 4.39 
Y = 1.05 
Z = 0.22
Page 1 - Diagrams 1 and 2 - Plane strain and the configuration
1 / aaAa/ a 2 2 / /s 2 . 0 5  2 . 0 5
produce a type I crossed-girdle fabric. Two projections are 
shown. This configuration was studied in quartzite mass 2 in 
Chapter 5.
Diagram 3 - Plane strain and the configuration
1 A  1 . 5  1 . 5  1 . 5 A  2 2 / ™
produce a fabric resembling type II crossed-girdle c-axis 
patterns except that intensity in the vicinity of the Z-axis 
is high. This configuration was studied in quartzite mass 4 
in Chapter 5.
Diagram 4 - Plane strain and the configuration
1 / 1  . 3   ^ A 2 2 2 / 2 . 0 5  2 . 0 5  2 . 0 5  
produce a fabric with a YZ pole free regions, crossed-girdles 
at Y, but a strong c-axis concentration near X.
Diagram 5 - Plane strain and the configuration
1 A / vasasA  2 2 A  2 . 0 5  2 . 0 5
produce a fabric with strong concentrations of c-axes near the 
Y-axis. However this pattern develops only as long as the (+) 
and (-) rhomb<a> systems have high yield stresses.
Diagram 6 - Plane strain and the configuration
1/As .3 As /\/2 2 2/As AS As
produce a typical fabric for easy prism<a> glide. Girdles of 
c-axes cross at the Y-axis where intensities are minimal.
Page 2 - Three projections of the type I crossed-girdle c-axis fabric 
produced by plane strain and the configuration defined by basal<a>, 
prism<a> and the steep trigonal dipyramids {2111} with <c+a> Burgers 
vector as below.
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Basal {OOOI} <a> yield stress = 0.01
Prism {lOlo} <a> yield stress = 0.01
Trigonal dipyramid {2111} «cc+a^x-c-a^xc+a^x-c-a.^ yield stress ~ 1 .00.
FIGURE 6.1  1 (1 )
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6,4.2 Digression to Consider Other Glide Systems
The list of dislocation glide systems above does not even 
include all possible combinations of possible (hypothetical) disloca­
tion glide systems with glide planes of simple Miller indices and 
shortest Burgers vectors (i.e. <a>, <c> or <c+a>). The consideration 
of other dislocation glide systems can lead to the development of 
different fabrics. This is a serious limitation on the present study.
However in Chapter 9 it will be noted that:
(1) {ll2o}<c> glide and {lOlo}<c> glide have the same effect 
on fabric development (there is no other Burgers vector 
possible for this plane out of the three), and
(2) the trigonal dipyramids ({2112}<c+a> = {ll22}<-c_a>)
{2L12}<c+a>
{1122}<c+a>
define systems that have the same effect on fabric as ( + ) and (-) 
rhomb <c+a>, <-c-a> systems with almost equal critical resolved shear
stress values for yield on (+) and (-) systems.
All possible dislocation glide systems have not been included 
in the set of available deformation mechanisms because introduction of 
new mechanisms vastly increases the complexity of describing important 
yield surface configurations. However consider the steep trigonal 
dipyramidal glide systems
{2Tll}<c+a2>, <-c-a2>
{2111}<c+a >, <-c-a3>
involving 24 glide mechanisms. A number of simulation studies have been 
performed with plane strain and crossed-girdle fabrics have resulted as 
a result of operation of these mechanisms for one yield surface configuration. 
As a general statement these mechanisms have similar effects on
fabric in comparison with the rhomb systems already described. However
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the elements of the preferred orientation patterns that result, develop 
with a greater angular deviation from the Z-axis than in the correspond­
ing patterns developed with rhombohedral slip. This is caused by the 
steeper inclination of these pyramidal planes.
Thus a fabric corresponding to (1) is developed except that this 
bears a much closer resemblance to a type I crossed-girdle fabric 
(Figure 6.11). This fabric results from the following mechanisms and 
associated critical yield stresses
{000l}<a> yield stress
{l010}<a> yield stress
{211l}<c+a2>
<-c-a2>
yield stress 
yield stress
(211l}<c+a3>
<-c-a3>
yield stress 
yield stress
0.01
0.01
1.00
1.00
1.01
1.01
and the imposition of plane strain.
Other simulations using the steep pyramidal mechanisms resulted 
in well defined crossed-girdles symmetrically disposed about the YZ 
plane, but again with low c-axis intensities in the vicinity of the 
Y-axis. Only the major variation in fabric development as a result of 
operation of these mechanisms has been simulated to date. Computer 
time is a resource that is competed for and studies in this thesis by 
no means should be regarded as exhaustive. The major part of this 
project involved program development, and only a few months have been 
spent on production.
Although about 200 or more yield surface configurations have 
been examined and inverse pole figures for lattice rotations drawn for 
axial compression, and about 80 of these configurations used for fabric 
simulation studies, it is possible that in some obscure corner of the 
17-D configuration space (of higher dimension if more mechanisms are
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considered) there may lurk another yet undiscovered but important yield 
surface configuration. However, in this study it is concluded that 
although plane strain coupled with particular yield surface configura­
tions results in computer simulations of fabrics that resemble both 
types of crossed-girdle fabrics, there are characteristics of these 
fabrics that have not been simulated by these simple deformational 
histories.
The important characteristic of crossed-girdle fabrics is the 
typical concentration of c-axes in, or close to the foliation plane 
(XY) at high angles to the lineation direction (usually X).
6.4. 3 The Effect of Basal <a> and prism <G>
Dislocation Glide on Fabric Development
As will be discussed in detail in Chapter 9 only for a limited 
range of relative critical yield stress values can basal <a> slip 
operate at the same time as prism <c> slip. In fact only in the range
- Tbasal<a>/Tprism<c> < 2//3
This is important because the two mechanisms accommodate exactly the 
same class of shape changes but have fundamentally different effects 
on fabric. The lattice rotation caused by the operation of basal <a> 
slip is in the opposite sense to that produced by prism <c> slip.
Thus basal slip tends to align c-axes normal to the grain-shape 
foliation that may be defined normal to Z, while prism <c> slip tends 
to result in strong c-axis concentrations in or close to this foliation.
This observation explains in part, the two types of quartz 
fabrics that have been recognized ever since Trener (1906) measured 
a concentration of c-axes normal to the foliation plane in one quartzite
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body and Sander (1911) measured a concentration in the foliation plane 
in another. This distinction is one of the most fundamental for the 
classification of quartzite fabrics.
It is possible that prism <c> glide is associated in some way 
with the formation of crossed-girdle fabrics.
6.4.A Two-Stage deformational History Postulated 
for the Origin of Crossed-Girdle Fabrics
It is considered here that the most important characteristics 
of crossed-girdle fabrics are reported sequences of patterns related 
to different stages of development of the same fabric (e.g. Hara,
1973; Sylvester and Christie, 1968; Weiss, 1958). Type I crossed- 
girdles show progressive:
(1) opening of small circle girdles about Z and decrease
in intensity and completeness of these girdles, and
(2) migration of maxima toward the foliation plane.
Type II crossed girdles show progressive increase in intensity of Y 
axis concentrations with attendant disintegration of girdles (Figures 
6.1-6.8 show some of these characteristics).
Simulation studies with constant increment paths (Chapter 5) 
show that progressive development of fabric is not accompanied by 
migration of the maxima, minima, and girdle concentrations that 
constitute the pattern elements of the fabric, but merely by increase 
in intensity.
The sequences recognized suggest strongly that the origin of 
crossed-girdle fabrics is related to a particular type of deformational 
history, that involves a non-constant deformation gradient, or a
change in the set of activated mechanisms.
203
It can be assumed on symmetry grounds (§6.3) that the class of 
deformation paths to be considered is restricted by the requirement 
that developed fabrics exhibit orthorhombic symmetry. Within this 
limitation accurate simulations of crossed-girdle fabrics can be 
made if it is postulated that:
(1) a variable deformation path has been imposed. This 
commences with a plane strain but towards the end of 
the deformation, the deformation gradient changes 
its character and for example the rock mass begins 
to extend in the then direction of the axis of 
intermediate strain, and
(2) concomitant with the change in direction of the 
deformation path occurs a change in the operating 
set of deformation mechanisms, namely that 
prism <c> glide was activated while basal <a> 
glide ceased operation.
The deformation process postulated could initially involve 
folding normal to the direction of tectonic transport. However in the 
example considered because the axis of extension of the incremental 
strain rotates 90° toward the end of the deformation the nature of the 
overall strain changes progressively towards an overall flattening, and 
continuation of the process results in elongation of the finite strain 
ellipsoid in a direction 90° to the original direction. By this time 
a fabric with an intense Y axis maximum has been simulated. This 
postulated deformational history is not the only one capable of being 
used. An alternative postulate reverses the stages of the history. It 
should be noted that the above mechanism change is necessary however.
In computer simulations a typical deformation history commences 
with imposition of plane strain up to 50% - 60% shortening. The yield 
surface configuration is described by one of the sets of critical 
yield values already listed (§6.4.1). The direction of the deformation 
path is then changed and the yield surface configuration altered.
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A typical set of yield values is then
1.0 / 0.6 0.6 0.9 0.9 / 1.5 1.5 1.5/ 1.6 1.6 1.6 
In the studies made the second part of the deformation involves either 
a flattening, plane strain or an extension. Details are presented in 
Figures 6.12-6.17 showing the results of the simulation studies.
These figures demonstrate that accurate simulations of crossed-girdle 
fabrics are possible using the postulated two stage deformational 
history.
Note that if prism <a> slip is not activated then the maxima
can only be forced to within 30° of the foliation plane. While this 
class of simulation results in a typically occurring fabric it is not 
considered useful because one would not expect prism <c> slip in the 
absence of prism <a> slip on energetic arounds (see Chapter 9).
6.4. 5 Alternative Hypotheses for Origin
Consider two alternative hypotheses for origin of crossed- 
girdle fabrics.
Crossed-girdles can be envisaged as originating by virtue of 
the operation of a mechanism other than slip, for example, 
recrystallization or recrystallization with diffusive mass transfer, 
according to a Kamb type mode (e.g. Kamb, 1959, 1961; Paterson, 1973; 
Shelley, 1971a,b).
Sander (1950) describes a crossed girdle fabric from a 
mylonitized and partially recrystallized quartz knot. In the 
recrystallized ground mass of undistorted small grains, there are 
immersed larger grains which are breaking apart into smaller undulöse 
grains. Sander writes that:
"There are incompletely ground down and recrystallized
remnants from intensive mylonitization."
FIGURE 6.12
The deformation paths used in the following fabric simulations 
begin with 12 increments of a N-S plane deformation and are followed by 
1 9 increments of a flattening, E-W plane deformation or axially symmetric 
I elongation (extensional axis E-W). The strain diagram as described in 
I figure 5.4 shows the deformation paths with full circles for those 
! increments for which fabrics were produced. The diagram shows the plane 
normal to (1,1,1) through the origin in a Cartesian space defined by 
vectors whose components are the logarithms of the lengths of the finite 
strain ellipsoid. The components of a point on the diagram can be 
computed by taking the antilogarithm, the vector being determined as a 
linear combination of the two basis vectors shown. Note that strain 
axes swap labels for one deformation path.
Basis vector 1 
(h,-h,0) plane strain
axis C
axis A = X 
N-S elongation
axis B = Y 
E-W elongation
(1, 0, - 1)
N-S plane strain
Basis vector 2
(k,h,-1 )
flattening
FIGURE 6.13
Illustrates the hypothesis involving a multistage 
deformational history for the origin of crossed-girdle fabrics. 
Five deformation paths are illustrated on the strain diagram 
shown in figure 6.12. These paths commence with plane strain 
E-W b ut toward the end of deformation extension takes place in 
the direction of the then intermediate axis of strain. A change 
of mechanisms operating is assumed to take place at this time.
In paths (d) and (e) this extension results in a 90° rotation of 
the X axis from parallel to I to parallel to J. Shapes to which 
a unit cube would deform are shown, together with a schematic 
representation of the c-axis fabrics that develops in simulation 
studies approximating such deformational histories.
FIGURE 6.13 207
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FIGURE 6.14
Nine increments of the plane deformation
F =
1.10 0 0 
0 1.00 0 
0 0 0.90
are imposed on the yield surface configuration
1 / A . . A / 2 2 2 / 2.05 2.05 2.05
and the c-axis fabric 1 results. (Pages (1) and (2) show differently 
oriented projections of the same fabrics).
From that point on the c-axis pole figures 2, 3, 4, 5 show 
the fabrics that result every second increment (up to 10) of the 
flattening
F =
1.05 0 0
0 1.05 0
0 0 0.90
imposed on the yield surface configuration
1 / 1 0.5 ^ \  / 2 2 2 / 2.05 2.05 2.05
Fabrics (2) and (3) show patterns that bear a strong resemblance to 
type I crossed-girdles.
F I G U R E  6.14(1) 2 09
FIGURE 6.14(2) 210
211
FIGURE 6.15
Illustrates the fabric sequence that develops when 12 
increments of the plane deformation
1.10 0 0
F = 0 1.00 0
0 0 0.90
are imposed on the yield surface configuration
1 / * *  *  * / 2 2 2 / 2.05 - 2.05 - 2.05
and then 9 increments of the flattening
1.05 0 0
F = 0 1.05 0
0 0 0.90
are imposed on the yield surface configuration
1 / 0.6 0.6 0.9 0.9 / 1.5 1.5 1.5 / 1.6 1.6 1.6
Column 1 on page 1 shows strain axis concentrations with respect to 
crystallographic axes
Z = 001
Y = 101
X = 100
Each of the remaining columns shows a differently oriented projection 
of the same fabric sequence. In each column the rows show the c-axis 
fabric that results after three, six and nine deformation increments
in the second part of the deformational history are imposed.
Principal stretches
X Y Z
inverse pole figures 4.44 1.42 0.16
row 1 3.81 1.21 0.22
row 2 4.44 1.42 0.16
row 3 5.19 1.65 0.12
FIGURE 6.15(1)
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FIGURE 6.16
Illustrates the fabric sequence that develops when the 
second part of the deformational history described in figure 6.15 
involves 9 increments of a plane deformation with the extensional 
axis at 90° to that in the first part of the deformation. For 
these deformation increments
F =
1.00 0 0 
0 1.10 0 
0 0 0.90
Fabrics are set out as described in figure 6.15.
Principal stretches
X Y Z
Inverse pole figures 3.33 1.88 0.16
row 1 3.30 1.40 0.22
row 2 3.33 1.88 0.16
row 3 3.37 2.53 0.12
FIGURE 6 .16(1) 2 1 5
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FIGURE 6.16(2) 2 1 6
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FIGURE 6.17
-i-lustrates the fabric sequence that develops when the 
second part of the deformation described in figure 6.15 involves 
9 increments of an axially symmetric extension in the then 
direction of the intermediate strain axis. The deformation 
increment is
F =
0.95 0 0
0 1.10 0
0 0 0.95
Fabrics are set out as described in figure 6.15.
Principal Stretches 
X Y Z
Inverse Pole figures 2.44 2.87 0.33
row 1 2.82 1.10 0.25
row 2 2.44 1.87 0.22
row 3 2.10 2.51 0.19
FI GURE 6.17(1) 21 8
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FIGURE 6.18
Illustrates the fabric sequence that develops when 12 
increments of the plane deformation
1.10 0 0 
F 0 1.00 0 
_0 0 0.90
are imposed on the yield surface configuration 
1/ „ 1.5 1.5 1.5/ . 2 2/ . _
and the 9 increments of the axially symmetric extension (parallel 
the then axis of intermediate strain)
F =
0.95 0 0
0 1.10 0
0 0 0.95
are imposed on the yield surface configuration
1/0.6 0.6 0.9 0.9 / 1.5 1.5 1.5 / 1.6 1.6 1.6 
Fabrics are again set out as described in figure 6.15.
Principal stretches
X Y Z
Inverse pole figures 2.44 1.87 0.22
row 1 2.82 1.40 0.25
row 2 2.44 2.87 0.22
row 3 2.10 2.51 0.19
FIGURE 6 .18(1) 2 21
FIGURE 6.18(2) 221 a
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Both types of grains give crossed-girdle fabrics (Figure 6.5) suggest­
ing recrystallization has not affected the preferred orientation 
pattern. Sylvester and Christie (1968) reach the same conclusion.
Perhaps the best argument that crossed-girdle fabrics do not 
result from recrystallization are the correlations with plastic 
deformation already noted.
It can be argued that the Taylor-Bishop-Hill model is not 
capable of simulating the effects of plastic deformation accurately 
because it assumes homogeneous strain. It is argued in Chapter 11 
that the Calnan and Clews (1951) is a more realistic model but is not 
quantitative enough to allow fabric simulation. It is also argued 
that relaxation of the above assumption does not lead to major fabric 
changes.
Bhattacharyya and Pasayat (1968) erroneously concluded that 
prism <a> slip leads to c-axis concentrations at the Y axis during
plane strain. They attempted to apply the Calnan and Clews (1951) 
model to quartz but confused the rotation tendency of the effective 
stress state with actual crystallographic rotation due to mechanism 
activity. Their result must invoke rotations of the crystallographic 
axes with respect to specimen axes that are not the result of prism 
<a> slip alone, because this slip system rotates the crystal lattice 
only about the c-axis direction. Bhattacharyya and Pasayat have 
incorrectly applied the Calnan and Clews model. The effect of prism 
<a> slip according to the Taylor-Bishop-Hill model is discussed
further in Chapter 9.
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6.5 THE ORIGIN OF TAILED-MAXIMUM FABRICS
6.5.1 A Geological Deformation that gave rise to 
Tailed-Maximum Fabrics
The chapter has so far been concerned only with crossed-girdle 
fabrics. The origin of tailed-maximum fabrics will now be considered.
A particular geological deformation is of interest because detailed 
structural analysis relates petrofabric data to the deformational 
environment.
Weiss (1954) describes a marble-quartzite complex in the Mojave 
desert, Southern California. The macroscopic structure appears to be 
the thickened and thinned remnant of a large recumbent fold. A high 
degree of plastic deformation has apparently taken place.
Quartzites were sampled from four environments, two of which 
are noted here:
(1) psammitic layers within the original limestone that
have been extended and pulled apart during the deformation.
They are now isolated lens shaped bodies strung out along 
the lineation.
Grain shape defines a conspicuous lineation and grains have a 
flattened thread-like habit (aspect ratio as high as 30:1). Foliation 
is weak or absent and at a low angle to lithological layering. Some 
rocks have recrystallized.
(2) massive quartzites forming part of a roughly parallel 
sided slab in the central region. Foliation in 
general is more pronounced and lineation less strongly 
developed.
Weiss concludes that the quartzite lenticles have"^
"suffered intense internal deformation involving 
tectonic flow in B and tectonic transport in ac, 
owing to the "drag" of the surrounding plastically 
flowing marbles."
= L = X; ac = YZ plane.
Tectonic flow refers to deformation, tectonic transport to translation 
of the origin of material coordinates in the spatial reference frame.
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Deformation may be likened to:
"rolling of dough between two surfaces so that there 
is no confinement parallel to the axis of rolling, 
and the mass extends in this direction by ... axial 
flow as well as parallel to the couple (the direction 
of tectonic transport). The symmetry of these 
movements is strongly monoclinic."
This deformation differs from axially symmetric elongation (Sander,
1950 - einengung).
Tailed-maximum c-axis fabrics have developed in these rocks in 
the quartzite lenses. Variations (Figure 6.9) are:
(1) c-axes in a girdle normal to the extension direction,
(2) c-axes in a cleft girdle 75° - 85° about the 
extension direction, and
(3) variation in completeness of girdles,(the sense in 
which c-axis intensities tail asymmetrically from 
maxima in these girdles is constant).
Type II crossed-girdle fabrics (Figure 6.6) have developed in the
central slab so that there is a reasonable basis for assuming that the
fabrics that developed in the different regions were subject to the
same sequence of deformation conditions and that difference in fabric
relates more to different deformations imposed on each region.
6.5.2 Simulation Studies
It is likely that the rocks described in the previous section 
have been subject to a markedly non-constant deformation path. The 
characteristics of the overall deformation described are used in this 
work to attempt the simulation of tailed maximum fabrics. The results 
of these studies have been in part described in Chapter 5. A 
configuration that results in a point maximum on uniform flattening is 
used. Such is specified by the set of critical yield values
A A A A A A1.0 / A / 4.0 5.0 5.0 /
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Deformation is imposed involving simple shear with an attendant
extension parallel to the shear plane normal to the shear direction. 
Varying ratios of extensional and shear components of this 
deformation result in a progression (Figure 5.18) from YZ girdles, 
through girdles with a maximum inclined to shear plane, partial girdles 
asymmetrically disposed about this maximum - defining the tailed 
maximum fabric - to an isolated asymmetric maximum in the YZ plane, 
inclined to Z.
This variation in developed fabric is due solely to the differ­
ent constant deformation gradient imposed strain paths, and well 
developed monoclinic symmetry is consistent with the symmetry of 
these deformations.
However c-axis maxima remain close to the axis of shortening of 
the finite strain ellipsoid and not close to the foliation plane as 
occurs in the fabrics described by Weiss (1954) (see §6.5.1).
Therefore a similar deformational history is postulated for the origin 
of tailed-maximum fabrics as is postulated for the origin of crossed- 
girdle fabrics. In the next chapter it is shown that if the last part 
of the deformation involves a simple shear, with activation-deactiva­
tion of prism <c> - basal <a> glide systems, some of the basic 
characteristics of tailed maximum fabrics can be replicated.
6.6 PHYSICAL NOTIONS CONCERNING MULTISTAGE DEFORMATIONAL 
HISTORIES IN THE GEOLOGICAL ENVIRONMENT
Variable deformational histories are not unexpected from 
natural and experimental deformations. Many metamorphic terrains 
experience two epochs of deformation sufficiently different and not 
too complex to allow separation and recognition of their effects,
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and materials deformed by these progressions of stress regimes will 
have fabrics reflecting the influence of variable deformational history. 
It is not improbable that variable history is characteristic of even 
single deformational epochs, and it is important that this be 
demonstrated in view of the postulated origin of crossed-girdle 
fabrics, which occur commonly in metamorphic terrains.
A number of factors may result in deformation of a geological 
body by a non-constant path (Figure 6.19), for example:
(1) two epochs of deformation imposed by two basically 
different stress regimes,
(2) an epoch of deformation in which the character of 
the deformation changes progressively. Even simple 
geological deformations have non-constant 
deformation paths. The formation of a simple fold 
in strata involves deformation at any one point 
caused by a progression of stress states. Strain 
increments would change continuously in their nature 
and orientation of principal strain axes, and
(3) during an epoch of deformation, the bulk strength 
properties develop anisotropy with the appearance of 
fabric. Strain response to the same stress regime 
will then alter, and this could in turn influence
a change in the overall character of the deformation, 
causing a further variation in the improved stress 
regime.
The set of mechanisms activated could be changed during 
deformation as a result of the following circumstances:
(1) thermal pulses, for example, as the result of 
batholithic emplacement,
(2) strain rate variation - an important factor is strain 
induced relaxation of the imposed stress regime.
This could lead to late stages of deformation taking 
place more slowly under considerably reduced stresses.
For example a late stage highly penetrative 
orthorhombic imprint on fabric is discussed by 
Christie (1963), and
(3) if greater rates of work hardening on active systems 
takes place compared with rates of latent hardening 
on inactive systems then the active basal <a> system
FIGURE 6.19 ’ 226 |
Possible geological deformations capable of producing crossed-girdle 
fabrics: (1) a hypothetical deformation of a quartzite sheet over an
intruding granite mass (1) (b) (c) Plane strain takes place initially 
(b) but because the quartzite sheet develops anisotropic strength 
properties because of the appearance of fabric, extension of the 
sheet begins in the direction of the then axis of intermediate 
strain (c). Strain axes are shown. Temperature rises throughout 
deformation. (2) similar folds form and are later appressed by a 
slow late stage flattening (d) and (e). (3) deformation in a
hypothetical thrust-zone. Deformation path is shown. Lateral move- 
| ment occurs as the result of a slow late-stage adjustment (f).
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might eventually be deactivated in favour of 
activation of prism <c> systems.1
In Chapter 5 it was argued that the overall deformation 
conditions determine the choice of critical yield values because the 
imposed stress regime activates mechanisms according to their ability 
to dissipate energy under the conditions of temperature and strain 
rate acting. Other factors that may also be important in this 
selection process are the configuration of the dislocation substructure 
and the OH content of the quartzite.
Certain experimental observations, and comparison of simulated 
fabrics with the experimental work of Tullis (1970) are argued in 
Chapter 9 to suggest that with increasing temperature or decreasing 
strain rate prismatic slip becomes easier and eventually basal <a> 
glide ceases operation and prism <c> glide is activated.
One possible explanation for a change in the set of operating 
deformation mechanisms postulated is if the later stage of a 
geological deformation involves a comparatively slow penetrative 
movement. It can be concluded that physical notions tend to support 
the viability of the postulated multistage deformational history in 
the geological environment.
6.7 DISCUSSION
Most crossed-girdle and tailed-maximum fabrics are documented 
from environments that have been subject to complex deformational 
histories and it is not difficult to support the postulated origin 
for these fabrics.
Although this hypothesis is contrary to the notion of steady state 
deformation, it is not entirely at variance with it. No evidence 
exists to indicate that steady state processes continue indefinitely. 
Rather processes could take place that lead to a progression of such 
states.
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Christie (1963) notes heterotactic mica and quartz fabrics in 
the Moine Thrust. Symmetry can be used to argue the case for an early 
monoclinic strain history with a late stage orthorhombic imprint. 
Christie concludes that there is evidence for a late stage deformation 
in which megascopic features (e.g. folds) acted passively. This 
deformation is thought to have been extremely penetrative and 
homogeneous. Type I and type II crossed-girdles developed.
Weiss et at. (1955) describe rocks from Ord Ban, mid- 
Strathspey (Figure 6.8) in which a narrow movement zone separates 
basically different lithologies in which different fold styles 
developed. These are related to superimposed deformations and type II 
crossed-girdles developed in quartzite layers.
Balk (1952) describes petrofabrics of quartzites around thrust 
faults in New England. A strong c-axis maximum parallels a weak 
north trending lineation defined by grain elongation and bedding- 
cleavage intersection. Quartzites in thrust zones still display this 
elongation but at right angles in the foliation a very strong 
lineation is defined by streaks of feldspar muscovite and minerals. 
Quartz grains in these tracts exhibit an orientation contrasting with 
the orientation of neighbouring grains. Balk argues that considerable 
extension has occurred in this direction. Tailed-maximum and crossed- 
girdle fabrics develop. A late stage penetrative deformation might 
cause the noted grain elongation and the fabrics in these rocks arise 
by virtue of the postulated strain history.
As in the above example certain characteristics of specific 
environments in which these fabrics develop may be construed in 
support of the postulated strain history.
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Sander (1950) describes preferred orientation patterns from
the granite at Melibokus, Odenwald, that are interpreted here as end
members and intermediate members of a deformation path that initially
results in type I crossed-girdle c-axis fabrics. In "pegmatites
with precrystalline schistosity(Figure 6.5d) occurs a typical type
21 crossed-girdle fabric. In the same granite are found harnisch- 
mylonite zones. The fabrics (Figure 6.5a,b,c) vary from point maxima 
of c-axes on either side of the foliation plane normal to (a 
mineralogical lineation) to a strong maximum in the foliation plane 
normal to L, with a partial girdle normal to S (plane of flattening) 
and are the end members of the fabric sequence described previously 
(§6.4.4) representing higher strains.
Although a strong mineralogical lineation £ is defined by small
biotites, hornblendes and needles of hornblende or epidote with a
fibrous appearance on the mesoscopic scale, quartz grains are clearly
elongated normal to L in the foliation plane. This elongation
coincides with the c-axis maximum, offering strong support for the
hypothesis of origin of the crossed-girdle fabrics.
Sander also describes fabrics from Saxony granulites that are
type I and type II crossed-girdle patterns (Figure 6.6). Several
important features are noted:
(1) a 60° girdle of c-axis around £i is developed for an 
extensively flattened granulite (Figure 6.6e,f).
A mechanism change and continued flattening would 
simulate this fabric,
^"Interpreted as being extensively flattened before recrystallization 
took place, and some abnormal coarsening of grain size,
2Phillips translates harnisch plane as slickenside plane.
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(2) maxima vary in position as predicted from 40° - 50° 
from gi to 90° to £ i in the foliation plane, and
(3) Figure 6.7d shows a fabric that can be simulated 
using a plane strain path that does not change 
direction when prism <c> slip begins operation, and 
basal <a> slip ceases.
The preceding examples of fabric development are from 
recognizably complex deformational histories. In the following 
examples a supposedly simple deformation has resulted in crossed- 
girdle fabrics. However these examples do not offer concrete 
evidence against the multistage deformationed history proposed, 
although they do tend to support an origin of crossed-girdle fabrics 
involving only a simple plane deformation for example. These have 
already been briefly mentioned (§6.3).
Sylvester and Christie (1968) studied the Harkless Quartzite. 
Strata are deformed over an intruding granitic batholith and a simple 
deformational history has resulted. The rocks on the western part of 
the pluton are concordant with the boundary, are well foliated 
parallel to lithological layering, posses one or more lineations in the 
foliation, and have well developed boudinage structures. No folding 
of small or medium scale occurs.
A weak preferred orientation has developed in rocks not greatly 
deformed but recrystallized. The strength of the type II crossed- 
girdle pattern developed (Figure 6.7) increases with the degree of 
attenuation of the formation. A 40% concentration of c-axes around 
the Y-axis develops in the most highly attenuated rocks. Temperature 
probably increased toward the end of deformation.
Sylvester and Christie argue that the deformation has been 
uncomplicated. Strain determination has been possible using for
example worm tubes and boudins. Total strains vary from approximate
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plane strain to flattening. The symmetry of the patterns is 
orthorhombic and homotactically related to foliation and lineation 
and these authors relate the developed fabric pattern to the axes of 
the finite strain ellipsoid as described (§6.2).
Although some overall shape changes approximate flattening, no 
fabrics were measured that could have resulted from a constant 
direction deformation path leading to flattening. These fabrics 
would have maxima axially symmetric about the axis of shortening.
On the other hand if strain involved plane strain in the initial phase 
of deformation varying smoothly into plane strain increments with the 
extension axis rotated 90° resulting in overall flattening, concomitant 
with activation of prismatic slip, the observed fabric could be 
explained. It may be imagined that a hypothetical quartzite sheet 
domed over an intruding granite batholith may suffer plane strain with 
the extension axis radially disposed (Figure 6.18). However as bulk 
strength anisotropy develops, strain response to the stress regime 
may change abruptly. This may occur in one epoch of deformation. 
Extension may occur in the then direction of the axis of intermediate 
strain.
Alternatively it can be stated that if any of the measured 
fabrics (Figure 6.7) were produced by a deformation that produced 
overall flattening, then the deformation path by virtue of symmetry 
arguments could not have been constant.
Hara et al. (1973) describe plastic shear zones in granite in 
which type I crossed-girdle fabrics develop. It is not likely that 
strength properties of the zone could affect characteristics of the 
total deformation, as is the case with a quartzite sheet stretching 
over an intruding granite. Fabrics are orthorhombic (Figure 6.1)
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except that intensity between maxima consistently varies. This 
reduces the symmetry to monoclinic but the symmetry deviation could 
not have been produced by the simple shear that developed the 
characteristic features of the grain shape across the zone. It could 
be developed by a later simple shear at right angles.
The final example in which crossed-girdle c-axis fabrics have 
developed as the result of a simple deformation concerns experimental 
deformation by Green et aZ. (1970). They describe experiments in 
which anisotropic temperature gradients resulted in orthorhombic 
strain in quartzite specimens. Type I crossed-girdle fabrics 
resulted. Fracture of the furnace promoted such deformation. 
Temperature and strain rate varied during the deformation (because 
of temperature gradients) and strain path was probably not constant.
In this example the case for a major variation in strain path cannot 
be supported but a change of mechanism is not ruled out. Note that no 
great intensity of c-axes developed at the Y-axis, and that fabrics 
with type I properties with greater approximation to a girdle about Z 
also develop. These are indicative of a greater component of flatten­
ing in the deformation consistent with less allowed variation in 
deformation path. Thus none of the examples discussed in the 
preceding section are inconsistent with the postulated two-stage 
deformational history for the origin of crossed-girdle fabrics.
CONCLUSION
The development of crossed-girdle and tailed-maximum quartzite 
c-axes fabrics can be simulated using the computer program based on 
the Taylor-Bishop-Hill analysis if a two-stage deformational history 
is imposed. All of the characteristics of these most commonly
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occurring classes of quartzite fabric types could not be simulated 
using simple deformational histories involving:
(1) a constant yield surface configuration, and
(2) a deformation path of constant gradient.
The deformational history postulated for the origin of these fabrics 
involves a change in direction of the deformation path concomitant 
with a change in the operating deformation mechanisms.
It is argued that present evidence does not support an origin 
for these fabrics involving recrystallization, and that alternative 
hypotheses for the origin of crossed-girdle fabrics as due to prism 
<a> slip (Bhattacharyya and Pasayat, 1968, based on the model of 
Calnan and Clews, 1951) are not valid.
Crossed-girdle fabrics can be simulated by imposing a plane 
strain deformation initially, and subsequently extending the rock mass 
in the direction of the then axis of intermediate strain. At the 
same time as this change in direction of the deformation path takes 
place a change in the set of operating dislocation glide systems is 
allowed to occur. Basal <a> glide ceases operation and prism <c> 
glide is activated. The second part of the deformational history need 
not contribute more than a fraction of the total strain to which the 
'rock' mass is subjected during the fabric simulation.
Using this variable deformation history accurate simulations 
of the development of crossed-girdle fabrics are possible and the 
basic characteristics of tailed-maximum fabrics can be replicated.
The postulated variation in deformation path may be the result of a 
changing stress regime coupled with differing responses to similar 
stress states imposed on the rock mass. The latter could result 
because of the development of bulk strength anisotropy. The
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progression of activated mechanisms could result if the latter part 
of the deformation took place at higher temperatures or lower strain 
rates, or if work hardening of activated systems took place favouring 
their deactivation (i.e. not a steady state). Lower strain rates could 
result if the latter part of the relevant geological deformation 
involved a comparatively slow penetrative movement.
A similar history can be postulated for the origin of tailed- 
maximum fabrics.
Field evidence and physical notions as to the viability of this 
type of deformational history do not invalidate the postulated origin 
for these fabrics, but positive support of the hypothesis cannot be 
construed because there is no available information concerning 
deformation path for most geological deformations.
Crossed-girdle and tailed-maximum c-axis fabrics are the most 
commonly occurring patterns of preferred crystallographic orientation 
in naturally deformed quartzite masses. It follows that these fabrics 
develop under a wide range of conditions, or that the conditions that 
result in the formation of these fabrics are widespread in the 
geological environment even if they are unusual. The hypothesis for 
the origin of these fabrics has important implications for 
deformations in thrust zones because crossed-girdle and tailed-maximum 
fabrics commonly develop in these bodies, in metamorphic terrains all
over the globe.
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7,1 INTRODUCTION
Examples of various types of tailed-maximum fabrics have been 
described by Price (1974) in a quartz-feldspar tectonite from the 
Darling Fault, near Cookernup, Western Australia. The tectonite has 
been partially recrystallized and different patterns of preferred 
orientation occur in regions of "older" grains in comparison with 
patterns in regions of recrystallized material. This chapter concerns 
a possible genesis for these types of preferred orientation.
The observed variation in developed fabric may be due to 
modification of a pre-existing deformation fabric, or to differences 
in the recrystailization process point to point. An alternative 
hypothesis relates the development of preferred orientation to the 
deformation path, and differences in the patterns to differences in 
the deformation paths in particular regions. The different micro­
textures may relate to such differences also.
The aim of the following pages is to demonstrate the viability 
of this alternative hypothesis. We proceed in this way. Price has 
examined the material in sufficient detail to allow the origin of the 
different c-axis fabrics to be discussed in relation to the deforma­
tion environments in one hand specimen. The computer program that 
has been described (Chapter 4) allows simulation of fabric development 
during plastic deformation as a result of dislocation glide.
Hypothetical deformation paths will be postulated for each of 
three deformational environments recognized in the rock and the 
program will be used to attempt simulation of these fabrics. The 
inability to replicate exactly some important details of the fabrics 
leads to an interesting postulate concerning the deformational history
suffered by the rock mass.
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7.2 FABRICS AND MICROTEXTURES OF THE TECTONITE
The rock comes from localized mylonitic zones within, or close 
to, the Darling Fault near Cookernup, Western Australia. It can be 
described as a partially recrystallized quartz tectonite containing 
cataclastically deformed feldspar blasts or clasts. Its fabrics and 
microtextures have been described in detail by Price (1974) and only 
a brief summary of the relevant features is presented here. The rocks 
are interpreted as Archaean granitic gneiss involved in the deformation 
that produced the Darling Fault, and down threw the western block 
10,000 metres or more.
The most prominent feature of the fabric in these zones is a 
strong lineation defined by tracts of granular feldspar, sericite 
and fine grained quartz, strung out between large feldspar clasts 
(Figures 7.1 and 7.6).
A less prominent foliation is defined by planar lateral 
extensions of the lineation tracts (Figure 7.5). This foliation is 
accentuated by crudely defined layers alternately rich in feldspar and 
then quartz.
In outcrop the direction is subhorizontal, parallel to the 
strike of the Darling Fault, and dips steeply to the west. Clear 
examples of overprinting can be found in which is folded around the 
nose of tight folds. This suggests that formed at an early stage 
of the deformational history.
A grain shape foliation and a grain shape elongation are 
often evident in the tectonite except where obscured by recrystalliza­
tion. These may reflect the orientation of the axes of the finite 
strain ellipsoid in the particular regions in which these fabric
elements can be observed.
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FIGURE 7.1
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This quartz feldspar tectonite has been studied in 
detail by Price (1974). It comes from the Darling 
Fault near Cookernup, W.A. Principal structural 
elements are shown (after Price, 1974).
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The distribution of strain in the rock mass involved in the 
fault zone is complex, and the foliations and lineations do not inter­
relate in the same way in different hand specimens. often inter­
sects mineralogical layering in a direction not defined by 
suggesting overprinting. In the specimen examined here the fabric 
elements are simply related as will be discussed.
Although mesoscopic structures in the fault zone indicate a 
complex deformational history, some of the characteristics of this 
deformation are discernible in a number of specimens examined in 
detail. There is strong evidence for heterogeneous deformation on a 
microscale related to the proximity of a given region to large feldspar 
clasts (Figure 7.1) and to the total feldspar content of the zone.
Fine grain size (0.03 mm) is characteristic. The deformation 
and recrystallization processes have resulted in at least three basic 
textural types:
(1) Alpha grains. In localized volumes or zones relatively free 
from feldspar,quartz grains are dominantly tabular in shape. They 
appear to have partially or completely escaped a generally observed 
recrystallization and exhibit a marked undulöse extinction (i.e. 
lattice curvature) that is discontinuous across low angle subgrain 
boundaries. These boundaries are subparallel to grain c-axes 
(especially noticeable in favourably oriented sections).
Grains are often separated by serrated boundaries indicating 
local boundary motion and are frequently surrounded by colonies of 
much smaller new grains (Figure 7.2a). Recrystallization has 
proceeded to a greater degree in some regions (Figure 7.3a). 
Recrystallized but nevertheless deformed material surrounds deeply and 
irregularly embayed alpha grains. Grain size varies considerably.
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FIGURES 7.2 and 7.3
Plates of microtextures observed in the quartz feldspar 
tectonite (magnification * 100).
7.2a. Old grains surrounded by colonies of recrystallized 
smaller 'new' grains. Spots are imperfections in the thin 
section.
7.2b. Flattened grains of recrystallized material due to 
an 'anvil1 effect above feldspar grains. Note grain boundary 
curvature and sutured grain boundaries in lower part of photo.
7.3a. Older unrecrystallized material surviving in a 
recrystallized or recrystallizing matrix.
7.3b. Polygonal but not strain free grains of recrystallized 
material to the side of feldspar clasts.
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These regions may result from growth of new grains or from continuation 
of a dynamic polygonization process.
The shape of the old grains defines a grain elongation lineation
and a grain-shape foliation S^- In the hand specimen in question
parallels although grains are not greatly elongate. The foliation 
S contains the direction L . In the alpha grain regions S is inclined^ ^ X A
o o30 - 40 to and is discontinuous because the old grains are
surrounded by recrystallized less deformed material.
(2) Beta grains. In areas near large unbroken feldspar grains, 
adjacent to those margins sub-parallel to S^, grains are highly 
flattened. This is the result of an 'anvil' effect because the feldspar 
crystals have resisted plastic deformation. Higher strain has 
occurred in the overlying and underlying quartz grains (Figure 7.2b).
The grains have sharp, straight boundaries and some contain low-angle 
subgrain boundaries inclined 30° - 40° to host grain c-axes. These 
regions are commonly associated with long drawn out streaks of fine 
crushed feldspar grains, and together with the flattened quartz grains, 
these wrap around the upper and lower margins of the cataclastically 
deformed feldspar crystals. The attitude of the grain shape foliation
reflects a local curvature in the trajectories of the axes of the 
finite spatial strain ellipsoid.
(3) Gamma grains. Adjacent to the large whole feldspar grains near 
to those margins normal to S^, and to large patches of fine crushed 
feldspar near these margins, grains are polygonal in shape (Figure 7.3b). 
They frequently form triple point junctions with straight or slightly 
curving grain boundaries, and have generally much sharper extinction. 
Occasional irregularly oriented and curved low-angle boundaries are
observed.
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7, «3 CORRELATION BETWEEN MICROTEXTURE AND FABRIC
The three textural types described give rise to the following
optically determined patterns of preferred crystallographic orientation
(Figure 7.4):
(1) alpha grains define a broad c-axis point maximum, normal 
to Li and inclined 50° to Sj, 20° to S2 . Intensity rises 
to 21 times uniform. The fabric exhibits monoclinic 
symmetry,
(2) beta grains define a c-axis pattern which consists of a 
point maximum concentration (7 times uniform) normal to 
Li and 50° to Si. (Note S2 sub-parallels Si in these 
regions.) This maximum lies within a partial girdle 
distribution of c-axes normal to Li and fabric 
intensities are asymmetrically distributed in this girdle, 
hence the term 'tailed maximum'. The pattern exhibits 
pronounced monoclinic symmetry,
(3) gamma grains define a weak c-axis maximum (4 times uniform) 
normal to Li and inclined 50° to Si. (S2 is not 
discernible in these regions.) Again the maximum lies 
within a broad girdle distribution normal to Li but this 
time the girdle is complete.
7.4 RECRYSTALLIZATION PROCESSES AND THE ORIGIN OF THE 
OBSERVED MICROTEXTURES
It is possible that recrystallization produces the different 
fabric patterns observed in the recrystallized regions, so the 
mechanisms that can lead to such a result will be discussed.
The recrystallization processes that have operated in the rock 
are complex and are not easily placed in any well defined category.
Two types of processes may have operated:
(1) 'nucleation' and growth of new grains, and
(2) dynamic recovery and polygonization.
In regions of alpha grains there is evidence that a discontinuous 
recrystallization event has occurred. Colonies of smaller new grains 
around the edges of older grains can be observed frequently (Figure 7.2a). 
These may have originated (see Beck and Hu, 1966; Cahn, 1965, 1966; Gordon
and Vandermeer, 1966)
FIGURE 7.4_________ 248
Pole figures (2 projections of each fabric) for the c-axis fabrics 
measured by Price (1974) optically. The strain axes, X, Y, Z are also 
shown, and the planes S]_, S2. Row 1 shows ot-grains, 2 shows ^ -grains
and 3 showsy-grains.
249
(1) through a nucleation event from submicroscopic regions 
of the older more deformed matrix, or
(2) by dynamic polygonization of the old grain; as the 
deformation proceeds more and more dislocations are 
incorporated into subgrain walls and the
misorientation of the subgrain with the host continually 
increases.
In certain regions (Figure 7.3a) of alpha grains these processes have 
proceeded to greater extent and the distinction between recrystallized 
and unrecrystallized material is not so clear. The recrystallized 
material has suffered deformation.
If the grains observed in these regions have grown from colonies 
of new grains such as those described above then the modification in 
preferred orientation that is observed could be explained if:
(1) the population of new grains formed with a non-random 
orientation distribution around the old grains, and
(2) only certain of the new grain orientations grow to size 
because of the grain boundary energy or grain boundary 
mobility considerations (e.g. Aust, 1969; Aust and 
•Rutter, 1963; Gordon and Vandermeer, 1966).
Further to this hypothesis consider the effect of continuing 
deformation. A random orientation population of growing new grains 
will soon develop a pattern of preferred orientation if plastic 
deformation is continuing during growth.
If it appears that grain growth and polygonization processes 
have both operated in regions where material has only partially 
recrystallized, the same statement can be made for regions in which the 
recrystallization has obliterated traces of the older grains. The beta 
grains can be interpreted as dynamically recovered (e.g. by polygoniza­
tion processes) and also as having been engaged in a deformation rate 
vs grain boundary migration rate competition. Because of the high 
strain rate above and below feldspar clasts, the grains although 
recrystallized have been flattened. In regions of the polygonal gamma
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grains not only has the total plastic deformation imposed been less 
because of the protective influence of the feldspar grains, but the 
degree of heterogeneous deformation on a microscale has been large.
Grain growth processes have gone further towards an 'equilibrium' 
configuration in which grain boundary free energy is minimized by a 
polygonal structure because of the resultant lower strain rates and 
higher driving energy for the recrystallization process. Although 
grain growth hypotheses, suitably tailored, could explain the fabric 
variation in the tectonite from the Darling Fault, it is simpler to 
set up an explanation involving dynamic polygonization and other 
recovery processes.
In the latter situation, dislocations continually migrate from 
the comparatively low dislocation density subgrains and are incorporated 
into the subgrain dislocation walls. Although properly considered as a 
recrystallization process, plastic deformation does take place during 
such a process. The major dislocation activity may be conservative 
(i.e. not involving diffusion) and the development of fabric by this 
process may be simulated by a model discussing the effect of disloca­
tion glide, i.e. using the computer program already described.
7.5 STRAIN ENVIRONMENTS IN THE TECTONITE 
7.5.1 Overall Characteristics
Before the computer program can be used to simulate the 
development of patterns of preferred orientation in the tectonite, the 
characteristics of the different deformational environments must be 
decided upon. Considering subfabric parameters, Price (1974) concluded 
that the orientations of strain axes in different portions of the rock 
were statistically homogeneous but varied systematically in an
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undulöse fashion, possibly related to the crude mineralogical layering. 
Distinct undulations occur in the direction of maximum c-axis 
concentration and these waver about the trace to S^. Feldspar content 
may determine the local strain environment and it is considered that 
strain axes varied in magnitude in relation to the proximity of a 
region to the large feldspar clasts, and to the total feldspar content 
of a zone. This heterogeneity is evidenced by variation in grain 
shape, fabric intensity as well as factors such as degree of 
cataclasis.
7.5.2 Origin of the Lineation Tracts
In an attempt to determine characteristics of the deformation 
consider the origin of the lineation tracts. Although the conditions 
that prevailed during the formation of these features are not 
expected for the total deformation, they at least give the 
characteristics of the first part of the deformation path.
The lineation is defined by tracts of flattened cross- 
section (Figure 7.5) containing fine grained quartz, small feldspar 
fragments deriving from the crushing of large feldspar clasts, and 
sericitic material. These tracts are strung out between large feldspar 
clasts (Figure 7.6) and can be explained if the rock has been sheared 
subparallel to S^, shear direction normal to L^. This is consistent 
with the observed monoclinic fabric symmetry and the macroscopic 
movement on the Darling Fault. Specimens in which the feldspar 
lineation is strongly developed are characterized by thin layers of 
crushed feldspar tracts in a quartz rich rock. It is likely that 
these layers have served as localized movement zones with high 
differential displacement and that the feldspar blasts have been
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FIGURE 7.5 Sections normal to Li of the lineation tracts. Feldspar 
clasts are lined, granular feldspar and fine grained quartz regions 
are stippled. Monoclinic symmetry supports the postulated origin by 
rolling with axis Li (after Price, 1974).
S,
The origin postulated in this paper of these lineation tracts is by 
rolling on the Si plane, axis of rotation Li as in diagram above.
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FIGURE 7.6 Sections parallel to Lx through the lineation tracts. 
Feldspar clasts are lines, granular feldspar and fine grained quartz 
regions are stippled (after Price, 1974). The origin postulated in 
this paper for these tracts is by rolling on the Si plane, with axis 
of rotation Li. The deformation shadow of the 'rigid' feldspar 
clasts induces vorticity into the displacement field. Neighbouring 
vortex motions (parallel to Li) tend to coalesce.
These stretches below are made from another hand specimen of the 
tectonite in which the lineation tracts are particularly well defined.
~ — - —
....
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rolled during this deformation. The extremely heterogeneous strain
around the cataclastically deforming clast results in a deformation
'shadow' in the direction L^. The vortex motion set up in the
displacement field by the rolling clast must persist in the direction
and feldspar fragments travel laterally in this shadow by virtue of
the highly complex movements taking place therein. Because adjacent
vortex motions tend to coalesce the situation results where tracts tend
to form and to be strung out between clasts, or to be short in length.
In zones with greater feldspar content, the differential
movement caused by shear will not be as great and the tracts will be
not so clearly defined (Figure 7.6 shows such a case).
This may be a mechanism of hitherto unrecognized importance for
the formation of lineations in the geological environment. Possible
examples are common. Weiss (1954, 1955) describes rocks, almost
completely recrystallized in which:
"The visible lineation in the quartzite is defined 
by this arrangement of tiny grains of feldspar which 
are undoubtedly the rolled and broken fragments of 
larger grains ... "
and
Weiss, 1954 - Mojave desert
"Tracts of feldspar fragments, derived from the 
breakdown of single large grains, are strung out in 
direction B ... "
Weiss et al.3 1955 - Ord Ban,
mid-Strathspey
Although Weiss utilized this phenomenon to argue for extensional
strain in the lineation direction, such a strain might take place at 
the same time as shearing and is not incompatible with our hypothesis. 
Other examples of mineralogical lineation at right angles to a grain-
elongation lineation are not difficult to locate in the literature 
(e.g. Hietanen, 1938 at Janismäki, Sander, 1950 in the Melibokus
granite, Balk, 1952 or Kvale, 1945).
7.5.3 Postulated Strain Environments
In postulating an average strain path for the deformation of the 
quartz-feldspar tectonite hand specimen, four factors were considered:
(1) the deformation path to which the rock has been subjected 
can have a symmetry no higher than the symmetry of the 
resultant fabric1 (Paterson and Weiss, 1961),
(2) the grain shape foliation S2 is oblique to the 
mineralogical layering Si which serves as a locus for 
variation of c-axis fabrics zone to zone. In high strain 
regions, however, S2 subparallels Si,
(3) the alpha grains have a tabular shape with some suggestion 
of elongation parallel to Li, and
(4) the postulated origin of the lineation tracts.
These characteristics can be explained by a simple shearing with the 
shear plane near S^ and the shear direction normal to with an 
attendant extension of the rock mass in a direction parallel to L^.
A similar deformation is involved in the rolling of dough on a board 
with a rolling pin, with deformation virtually unconstrained normal to 
the rolling direction. Extension occurs normal to the direction of 
transport and depending on how much extension occurs in comparison with 
how much shearing, grain elongation may be parallel or normal to the 
direction of extension. Alternatively the grains may be oblate with no 
well defined lineation.
Supporting this postulated overall deformation path note that 
is sub-horizontal and parallel to the strike of the Darling Fault, and S 
dips down plane. The major movement component of this fault is believed 
to be the downthrow of the western block, a distance in excess of 10 kms
This result holds as long as deformation path is the only independent 
variable affecting fabric, or the variable with least symmetry that 
affects fabric development. For example an anisotropic temperature 
distribution may effectively decide the symmetry of a deformation 
path (e.g. in an experimental situation such as in Green et at., 1970).
One factor not considered is a weak grain-elongation lineation L3 that 
can be sometimes observed at 45° to Lj in the Si plane. This is 
believed related to the configuration of the dislocation substructure.
I
The characteristics of the incremental shape change that
describes such a deformation can be expressed in the matrix transforma 
tion (e.g. see Malvern, 1969)
x = FX
where X are material coordinates, x spatial coordinates, F the 
deformation gradient
F
1+A 0 0
0 l - A / 2 3
0 0 l - X / 2
This matrix can be separated into two components:
(a) an axially symmetric extension in the x^-direction 
parallel to L
1+A 0 0
0 l - A / 2 0
0 0 l - A / 2
(b) a simple shear, shear direction normal to in the X^ 
direction, shear plane normal to X^
~ 1 0 0
0 1 3
_0 0 1
Now above and below feldspar clasts an 'anvil' effect has resulted in 
higher strains. Beside feldspar blasts it might be expected that 
shear play a less important role, and that extension be an important 
part of the deformation. On the otherhand, in feldspar free regions, 
it might be expected that shear play a more important role.
The deformation in each environment is postulated to vary:
(1) in total magnitude of resultant principal strains, and
(2) in proportion of simple shear to the extensional 
component.
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Increments for the three environments are chosen as follows:
(1) old grains - high shear, lower flattening
1.05 .0 .0 1.10 .0 .0 1.05 -0 .0
.0 .975 .2 or .0 1.00 -2 or .0 1.05 .2
.0 .0 .975 1§o
p___1
---1oCT>ooI
(2) flattened "new grains"
1.10
.0
.0
- high shear, high flattening
.0 .0
.95 .2
.0 .95
(3) polygonal "new grains" - low shear, higher axial extension 
component
1.10 .0 .0
.0 .95 .10
.0 .0 .95
7.6 COMPUTER SIMULATION STUDIES
Before simulation of the fabrics developed in the tectonite can 
be attempted, the mechanisms operating during deformation must be 
specified. There is no evidence available to assist in this decision 
except that a point maximum develops in the alpha grains.
In Chapter 9 it is argued that single maxima develop as the 
result of easy basal slip in comparison with other mechanisms 
(maximum near £^) or because prism <c> slip is taking place (maximum 
near £^). It is argued that the first case is related to low 
temperatures, high strain rates and low OH content,and the other to
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diametrically opposed conditions. Let us consider the first possibility 
and specify critical yield stresses for activation of a hypothetical
set of dislocation glide systems so that the only mechanisms that
operate are:
(1) basal<a>
(2) (+)rhomb<a>
(3) (+)rhomb<c+a>
(4) (+)rhomb<-c-a>
{000l}<a>
{loTl}<a>
{lo!l}<c+a>
{101l}<-c-a>
yield stress 1.0 
" " 4.0
" " 5.0
" " 5.0
The results of the simulation studies are presented in Figure 7.7.
These replicate the variation in tailed-maximum c-axis fabrics 
as observed in the quartz-feldspar tectonite except for some details. 
However one important difference cannot be overlooked. This is that 
the maximum of c-axes remains normal to the grain shape foliation 
in the simulated fabrics, whereas, in the naturally produced patterns 
the maximum usually lies in the vicinity of 40° - 50° to S . In some 
patterns this normality is observed (e.g. Figure 7.8) however.
Another interesting fact assumes importance at this point.
That is that the direction of the c-axis maximum is reasonably 
constant in any one region of the rock, and tends to be independent 
of local curvatures of S2 (again see Figure 7.8). This rather 
surprising result is consistent with a hypothesis that was made in 
Chapter 6 for the origin of tailed-maximum and crossed-girdle fabrics. 
This involved:
(1) a change in direction of the deformation path toward the 
end of deformation, and
(2) at the same time circumstances that result in the 
activation of prism <c> slip, and deactivation of basal 
<a> slip mechanisms. Prism <a> slip is also allowed.
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FIGURE 7.7
Some of the c-axis fabrics simulated with constant deformation gradient 
and constant yield surface configuration
1/A A A  a/4 5 5/A A A
in Chapter 5. Two components are involved in the deformation:
(1) a simple shear, shear direction E-W, shear plane 
horizontal,
(2) an extension parallel to the NS direction which is the 
neutral axis of this shear.
The fabrics vary from an intense point maximum to a broad YZ girdle 
with a diffuse maximum. They have a common characteristic - c-axis 
maxima are close to the overall axis of shortening.
Principal stretches Deformation gradient
X Y Z (9 increments)
1 1.82 1.56 .35 X = 0.05 CMoIIon
2 2.41 1.50 .28 II o o 3 = 0.2
3 2.41 1.02 .41 X = o.io 3 = o.i
F
1+X 0
0 l-X/2 3
0 0 l-X/2
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FIGURE 7.7
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FIGURE 7.8
Price (1974) has determined photometrically the axis of maximum 
preferred orientation of c-axes. This ignores local curvatures 
of the grain-shape foliation and lends support to a multi­
stage deformational history for these rocks. Possibly the 
direction shown reflects the axis of extension for the deforma­
tion gradient involved in the last part of the deformation path
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FIGURE 7.9
Shows the computer simulations of tailed-maximum fabrics 
that result when a multistage deformational history is 
imposed. This history involved:
(1) A deformation that changed the character of its 
deformation gradient from an E-W simple shear with an 
attendant N-S extension in the neutral axis of the shear 
to an E-W simple shear, and
(2) At the same time as this change in direction of the 
deformation path a change in operating dislocation glide 
systems so that basal <a> became inoperative while prism 
<c> activated. The configuration for the first part of 
the deformation involved the yield values
1 / A A /V /V / 4 5 5 / ^ A A
which possibly represent high strain-rate or low temper­
ature conditions, and for the second part of the deformation, 
the yield values
~/l 0.6 3 3/4 5 5/4 5.1 5.1
which possibly represent low strain-rate or higher temper­
ature conditions.
Two fabric sequences are shown in the two columns 
of the figure. Nine increments were imposed as follows for 
the first part of the deformation
Column 1 Column 2
F =
~1.0 5 
0
0
0.98
0
0. 16 F =
F. 05 
0
0
0.975
0 " 
0.05
0 0 0.97 0 0 0.975
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Row 1 shows the two fabrics that result. Fabric diagrams 
in rows 2 and 3 show the fabrics that result after 3, then 
6 increments of an E-W sample shear is imposed. The 
deformation gradient is
F =
1. 0 
0 
0
0
1.0 
0
0
0.2 
1.0
The configuration changes as described after row 1 so rows
2 and 3 show the result of a late stage simple shear with 
possible low strain rate mechanisms migrating. Row 2 shows 
the fabrics that resemble the fabrics measured by Price in 
the tectonite most clearly. C-axes migrate rapidly with 
increasing strain away from the axis of shortening towards 
the axis of extension defined by the deformation gradient 
for the last part of the deformation X^. This does not 
coincide with the extension axis for total strain X^. As a 
result of the two stage deformational history, c-axes may 
concentrate 20° - 30° away from the foliation defined by 
grain-shape flattening as observed in the naturally occurr­
ing fabrics.
Principal
X
Stretches 
Y Z
Angular Deviation 
of 2 from 
vertical
1 1 . 56 1 . 59 .40 25 . 0°
2 1 . 56 1.97 . 33 20.9°
3 1. 56 2.37 .27 17.67°
4 1. 56 1 . 00 . 64 38.5°
5 1 . 56 1 . 33 .48 31.0°
6 1.56 1.71 . 38 25 . 1
2 6 1 b
FIGURE 7 .9
^ finitei= X|ncrement
H  .. •' .!?*•
^ f in ite " ^  increm ent i l l i c i t  e = increm en t
X fin ite^ incremental *  fin ite ! Y increment
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It is argued that such a situation will occur if the last 
stage of the deformation involved a comparatively slow penetrative 
movement, in this case, a simple shear,plane S^, shear direction normal 
to L^. In other words the c-axis maximum tends to parallel the
extensional axis of strain in the very last part of the deformation. 
This strain was homogeneously distributed.
Figure 7.9 shows the fabrics that result when the second part 
of this non-constant deformational history is imposed on the fabrics 
that have already been described. These do not replicate the observed 
fabrics in such detail, but it must be agreed that the deformational 
history postulated can only be a greatly over-simplified version of 
the actual history suffered by the rock.
CONCLUSION
Although developed fabric correlates with microtexture in the 
quartz feldspar tectonite hand specimen studied, both of these features 
may relate to the different deformation environments of different 
regions in the rock. The quartzite fabric variation observed is 
related to the different deformation paths undergone by regions above 
(or below), to the side of, and away from large feldspar clasts in 
the quartzite mass. Textural characteristics have probably been 
produced by a combination of dynamic recovery, polygonization and grain 
growth processes that have not proceeded to completion in some regions. 
A new origin for a mineralogical lineation is argued.
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An overall deformation path is postulated involving simple 
shearing with an attendant extension in the shear plane normal to the 
shear direction. Computer simulation studies using a set of critical 
yield stresses that is believed applicable to low temperature-high 
strain rate deformations with the adopted set of deformation mechanisms, 
and deformation paths consistent with the different environments 
described, replicate basic characteristics of the measured patterns of 
preferred orientation in the tectonite. Variations corresponding to 
observed variations can be obtained with different ratios of the shear 
component and extensional component of the imposed deformation.
However, these simulated fabrics differ from observed fabrics in 
one important aspect. This inconsistency could only be removed by 
postulating that the deformation involved a non-constant deformation 
gradient and a change in the set of operating deformation mechanisms 
toward the end of the deformation. It is suggested that prism <c> 
slip activates and basal <a> slip deactivates and that prism <a> 
slip also takes place.
The c-axes define a maximum whose orientation is independent of 
local curvatures of S^- It is postulated that the maxima are parallel 
to the extensional axis of the very last stages of deformation which 
involved a homogeneous penetrative simple shear on in a direction 
normal to and that this caused the above mechanism change.
Computer simulations of fabric development using the above 
hypothesis replicate the important characteristics of the developed 
fabrics and variations are explainable by the greatly simplified version 
of the complex deformational history that has been adopted.
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